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CIRCULATORY REFLEXES IN CHRONIC DISEASE OF THE 
AFFERENT NERVOUS SYSTEM 


By E. P. SHARPEY-SCHAFER 


From the Department of Medicine, St Thomas's Hospital Medical School, 
London, S.E. 1 


(Received 24 February 1956) 


Studies on the circulation would’ be simplified if it were possible to interrupt 
the afferent pathways of baroceptor reflexes in man. It would allow differentia- 
tion of reflex changes from those which are central or mechanical in origin, 
while work on problems such as water-salt retention, pressure-flow relation- 
ships in the periphery, and the maintenance of cardiac filling pressure would 
also be facilitated. It is not possible in man to denervate these receptors either 
by drugs or by surgery; but it will be shown in this paper that a relatively 
common. disease, tabes dorsalis, is associated with apparent interruption of 
afferent baroceptor impulses. 

It has been found in normal subjects (Sharpey-Schafer, 1953, 1955, 1956) 
that an acute decrease in arterial pulse pressure causes reflex vasoconstriction 
and an acute increase, vasodilatation. Both these effects are mediated through 
the baroceptors, Vasodilatation also results from large imposed transients such 
as coughs. Similar methods have been used to study cases of tabes dorsalis. 


MATERIAL AND METHODS 
Eleven cases of fully developed tabes dorsalis were investigated. All the patients had Argyll- 
Robertson pupils and absent knee and ankle jerks. Serological and other tests on the cerebrospinal 
fluid were typical of those of tabes. Sensory changes were extensive in all, with loss of deep pain 
sense in the legs and diminished or delayed sensation to pin prick over the legs, thorax and arms. 
Five patients had one or more Charcot’s joints. Two patients were female. Ages ranged from forty- 
one to sixty-nine years. 

Intravascular and intrathoracic pressures were measured with capacitance manometers and a 
differential system was used when it was necessary to change the posture of the subject (Lee, 
Matthews & Sharpey-Schafer, 1954; Sharpey-Schafer, 1956). Forearm and hand blood flows were 
measured with the venous-occlusion plethysmograph. The methods of procedure and the effects on 
normal subjects have been described previously as follows: Valsalva’s manoeuvre (Sharpey- 
Schafer, 1953, 1955), tipping into erect posture (Brigden, Howarth & Sharpey-Schafer, 1950), 
squatting (Sharpey-Schafer, 1956), cough transients (Sharpey-Schafer, 1953). 
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2 E. P. SHARPEY-SCHAFER 


RESULTS 
The response of the heart was normal in all tabetics studied, since, as will be 
shown below, stroke output increased and decreased with the corresponding 
changes in effective filling pressure. 


Effects of acute decrease in pulse pressure 
Two methods were used, Valsalva’s manoeuvre and tipping into the erect 
posture. 
Valsalva’s manoeuvre causes an acute decrease in the filling pressure of the 
heart by trapping blood distal to closed peripheral venous valves. In normal 


Fig. 1. Effects of Valsalva’s manoeuvre on arterial pressure of a normal subject (above) and a 
tabetic subject (below) showing absence of reflex constriction in tabes dorsalis. In this and 
subsequent figures the time marker is in seconds and the calibration in mm Hg. 


subjects the stroke output and arterial pulse pressure decrease. After about 
6 sec reflex constriction is demonstrable and in continuous arterial traces is 
shown by a rise of mean pressure provided intrathoracic pressure is maintained 
at a constant level. On release of the raised intrathoracic pressure, constriction 
persists and is largely responsible for the ‘overshoot’ which follows. In all the 
tabetics studied, pulse pressure decreased as in the normal over the first few 
seconds but there was no evidence of the delayed vaso-constriction and on 
release of intrathoracic pressure there was no ‘overshoot’ (Fig. 1). The normal 
heart rate changes were also absent. Forearm flow measurements also showed 
the absence of constriction after the Valsalva manoeuvre. In normal subjects 
there is a conspicuous decrease in forearm flow during the ‘overshoot’ at a time 
when the arterial pressure to the limb is increased. There was no change in flow 
during the corresponding phase in tabetics, when the Valsalva manoeuvre was 
performed supine with the trunk raised 45° and mean arterial pressure returned 
to control levels in a few seconds. There was a small decrease in flow when the 
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BAROCEPTOR RESPONSES IN TABES 3 


sitting posture was used and mean arterial pressure remained low for a number 
of seconds. 

Tvpping into the erect posture also causes an acute decrease in cardiac filling 
pressure and in normal subjects a decrease in stroke output and pulse pressure. 
Mean pressure, however, is maintained by reflex constriction, which may be 
demonstrated in the forearm. All tabetics showed a similar decrease in pulse 

, but mean pressure fell conspicuously and there was no increase in 
heart rate (Fig. 2). Forearm flow showed a small decrease in the erect posture 
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Fig. 2. Effects of tipping into the erect posture on arterial blood pressure. In each case tipping 
erect is signalled by a rise in the lower uninterrupted trace and resumption of the supine 
posture by a fall. 


due to the decrease in arterial pressure to the limb. Since the arterial pressure 
is of the order 80/60 mm Hg in these tabetics when standing it is surprising 
that syncope is not more common. One subject had syncope on the tip-table 
when left erect for about a minute. This occurred during a heat wave with 
a laboratory temperature of 25-5°C. Others gave a history of syncope on 
standing, but only on rare occasions. 


Effects of acute increase in pulse pressure and of large imposed 
cough transients 

When a subject squats, blood is pressed out of the leg veins and the effective 
filling pressure of the heart increases. If the heart is normal the stroke output 
and arterial pulse pressure increase. There is also a small mechanical rise in 
peripheral resistance from the posture. Continuous arterial records in normal 
subjects show a rise in arterial mean and pulse pressure which is maximal a 
few seconds after the squatting posture is adopted; thereafter mean pressure 
declines toa lower level as vasodilatation mediated through the baroceptors 
occurs, Vasodilatation can also be shown in the forearm, where there is a 
conspicuous increase in flow. ep 
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4 E. P. SHARPEY-SCHAFER 


The six patients with tabes who were capable of squatting showed arterial 
pressure changes which were the same in all, but different from those found in 
normal subjects. Mean and pulse pressure increased as in the normal but there 
was no falling off of mean pressure, indicating that reflex vasodilatation was 
absent (Fig. 3). There were also differences between tabetic and normal sub- 
jects on regaining the erect posture. In normal subjects the hydrostatic fall of 
filling pressure and decrease in stroke output take place while the vasodilata- 
tion due to the increased pulse pressure during squatting is still present, for 


lilt! = 


Fig. 3. Effects of squatting on arterial pressure. In each case squatting is signalled by a fall 
in the lower uninterrupted trace and resumption of the erect posture by a rise. 


reflex constriction in response to an acute decrease of pulse pressure is always 
delayed for 5 or 6 sec. Mean arterial pressure therefore falls below the original 
control level, rising again, often with an ‘overshoot’, with the onset of vaso- 
constriction. In tabetics, on the other hand, vasodilatation was absent when 
the erect posture was regained and arterial pressure fell to control level in a 
simple fashion as the stroke output decreased. 

Large cough transients have two effects in normal subjects. They cause 
reflex vasodilatation which is demonstrable in the forearm, and a rise of intra- 
thoracic pressure which lasts from 10 to 60 sec after coughing. This rise of 
intrathoracic pressure causes a decrease in effective filling pressure and if the 
heart is normal the cardiac output falls. Continuous arterial records therefore 
show a sharp decline of arterial pressure in normal subjects after coughing. 

The patients with tabes showed no vasodilatation in forearm vessels after 
coughing. The rise of intrathoracic pressure was still present, however, and is 
probably mechanical in origin since it occurs after coughing in all types of 
subject, normal, diseased, tabetic and sympathectomized. The decrease of 
stroke output from this intrathoracic pressure rise caused a small decrease in the 
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BAROCEPTOR RESPONSES IN TABES 5 


arterial pressure of tabetics after coughing (Fig. 4). The normal heart-rate 
changes during squatting and after coughing were absent in all tabetics. 


Fig. 4. Effects of coughing on arterial pressure. In the normal record, intrathoracic (oesophageal) 
pressure is recorded below the arterial pressure at the same sensitivity ; intrathoracic pressure 


Fig. 5. Effects of mental arithmetic on the arterial pressure of a tabetic subject. The 
_ problems were put at the four signals at the bottom of the record. 


Effects of impulses arising in the central nervous system 

It has been shown, so far, that in tabes dorsalis there is no peripheral response 
to acute pulse pressure change or pressure transients, To place the lesion on the 
afferent side it is necessary to show that the efferent pathway is intact. Two 
methods were used: the vasoconstrictor effect of mental arithmetic, and the 
vasodilator effect of hyperventilation. 

Mental arithmetic is only effective if the mental processes are used. Four 
of the patients with tabes were found to be unable to read or write or add the 
simplest figures and like similar normals showed no rise of blood pressure when 
problems were put to them. The remaining seven patients showed the normal 
rise of arterial pressure with mental arithmetic (Fig. 5). In tabetics, however, 
arterial pressure remained elevated for many seconds after the problem, while in 
normal subjects reflex vasodilatation soon restored arterial pressure to control 
levels, | 
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6 E. P. SHARPEY-SCHAFER 


Hyperventilation, by reducing arterial pCO,, causes constriction of cerebral 
vessels and dilatation of muscle vessels, acting on the central nervous systems 
and thence via the efferent sympathetic nerves. All the tabetics showed the 
normal fall in arterial pressure after hyperventilation (Fig. 6). Thereafter there 
was a difference in arterial pressure response. In normal subjects the decrease 
in pulse pressure causes reflex constriction and the arterial pressure returns to 
control level after a short period. Since this baroceptor response is absent in 
tabes arterial pressure is only restored after a much longer period. 

These results indicate that the pathway, central nervous system—vasomotor 
centre-+efferent sympathetic nerves, is intact in tabetics. 


Fig. 6. Effects of hyperventilation on arterial pressure. Twenty deep breaths 
were taken between arrows. 


Effects of carotid sinus pressure. No response in continuous arterial records 
could be elicited by carotid sinus pressure in nine cases ; two cases showed slight 
slowing of the heart rate. Since it may be difficult to elicit the typical slowing 
or inhibition of the heart beat and vasodilatation in a proportion of normal 
subjects, these results are only of value in that they are compatible with the 
other data. 

Effects of a single gasping breath on hand blood flow. suhincte 
single gasping inspiration causes constriction in the hand (Bolton, Carmichael 
& Sturup, 1936). The effect is thought to be a spinal reflex since it is still present 
when the cord is interrupted high in the cervical region (Gilliatt, Guttmann & 
Whitteridge, 1948). This reflex was still present in the four cases of tabes 
studied (Fig. 7). It has been suggested by Bolton et al. (1936) that the afferent 
endings might lie in the pleura; since the reflex is active in tabes the afferent 
pathway would appear to be different from that of the baroceptor afferents. 

Effects of indirect heating on hand blood flow. The normal increase in hand 
flow on heating the legs is considered to be initiated in the central nervous 
system and thence via the sympathetic efferents. As expected, the four cases 
of tabes studied all showed this normal increase (Fig. 8) and provide additional 
evidence that the efferent pathway is intact. 
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Cold pressor test. Those cases without severe sensory loss in the arms all 
showed a rise of pressure on continuous arterial records when the hand was 
immersed in water at 4° C, 


—_ 


Hand blood flow (mi./min) 


0 L 


i 
0 20 40 & 8 100 
Seconds 


Fig. 7. Effect of a single gasping inspiration (arrow) on the hand blood flow 
of a tabetic subject. 


—_ 


Hand blood flow (ml./min) 


0 10 20 30 40 


Minutes 
Fig. 8. Effect of heating the legs (black bar) on the hand blood flow of a tabetic subject. 


Effects of intravenous adrenaline and atropine. The effects of 10g of intra- 
venous L-adrenaline (British Drug Houses) on arterial pressure and forearm 
flow were normal (Allen, Barcroft & Edholm, 1946) in the three cases studied. 
Intravenous atropine was given in 1-5 mg doses to six tabetics. Four showed 
no change in heart rate and two accelerated. Since some normals show no 
change in rate when atropine is given in this manner, the observation that 
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increase in rate can be produced in tabetics has more importance than the 
negative result. 

Effects of exercise. Fig. 9 shows the effect of standing running (three steps 
per second for 68 sec) in a tabetic. Mean and pulse pressure rose conspicuously 
during exercise, suggesting that a muscle-pump mechanism may play an 
important part in increasing the stroke output of these subjects during activity. 
There was no increase in heart rate. After exercise mean arterial pressure fell 
below control level and remained low for many seconds, 
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Fig. 9. Effect of standing running on the arterial pressure of a tabetic subject. Running is 
signalled in the lower trace by an interference pattern. The gap represents 30 sec. 


DISCUSSION 


The results suggest that. baroceptor reflexes are absent in fully developed tabes 
dorsalis, the interruption occurring on the afferent side. The anatomical 
pathways of the baroceptor afferents in man are uncertain and the lesions of 
tabes widespread, but it is possible that study of less fully developed cases, and 
of other diseases of the afferent nervous system, may enable a more exact 
localization to be made. 

Absence of reflexes creates the simplest type of circulation yet found in man, 
for not only are changes in peripheral resistance abolished but there are no 
heart-rate changes. Mean arterial pressure is largely determined, therefore, 
by the stroke output of the heart. The relationship between arterial mean and 
pulse pressure is shown for two tabetics in Fig. 10. Continuous records of 
changes in this simplified circulation have proved of value in the interpretation 
of changes in the more complex normal circulation, for it is now possible to 
distinguish those stroke output changes which have mechanical causes from 
those which are reflex in origin. Inability to make this distinction has been 
one of the main difficulties, for instance, in studying the part played by 
venous tone in maintaining the filling pressure of the heart. 

In the periphery, too, the factors affecting blood flow are much simplified. 
Thus in tabetics the supply pressure to a limb can be extensively altered with- 
out inducing reflex constriction or dilatation. Hand blood-flow measurements 
in normal subjects show great variations over a period, but in tabetics are 
very stable; while the normal extensive changes in peripheral resistance with 
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respiration are absent from tabetic arterial records, whose only variations are 
minor changes in stroke output. 

Acute abolition of all baroceptor afferent impulses causes intense constriction 
and hypertension. Most of the tabetics studied, however, were not hyperten- 
sive. If, indeed, all baroceptor reflexes were absent, one must suppose that in 
the chronic state a relatively normal level of peripheral resistance may be 
established. Such adaptation might lie in the vasomotor centre itself or in the 


periphery; but until some method of recording sympathetic efferent impulses 
in man is available, this problem is not likely to be solved. 


Pulse pressure (mm Hg) 


Fig. 10. Relationship between arterial pulse pressure and mean pressure for two tabetic subjects 
(black and white circles respectively). The data were obtained from continuous arterial 
records taken in a variety of postures. 


SUMMARY 


1. The circulatory reflexes of eleven subjects with disease of the afferent 
nervous system (tabes dorsalis) were studied by continuous arterial and peri- 
pheral blood flow measurements and compared with the reflex responses of 
normal subjects. 

2. The peripheral constriction which occurs in normal subjects following 
acute decrease in arterial pulse pressure (Valsalva’s manoeuvre and the erect 
posture) was absent in tabetics. The normal vasodilatation following increase 
in arterial pulse pressure (squatting) or imposed pressure transients (coughs) 
was also absent in tabetics. There were no heart-rate changes with changes in 
arterial pulse pressure and mean pressure. Carotid sinus pressure had no effects 
in nine cases and minimal effects in two. 
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3. The effects of stimuli starting in the brain were normal; thus mental 
arithmetic caused a rise of arterial pressure and hyperventilation a fall. — 

4. The following reflexes were normal: a single gasping breath caused con- 
striction in the hand, indirect heating vasodilatation in the hand and the cold 
pressor test a rise of arterial pressure. Intravenous adrenaline had normal 
effects on arterial pressure and forearm flow. Intravenous atropine accelerated 
the heart rate in some cases. Standing running for 1 min caused a rise of 
arterial mean and pulse pressure but no increase in heart rate. It was followed 
by a prolonged fall of mean pressure. It is suggested that, in tabes dorsalis, the 
efferent pathway is intact but the afferent baroceptor mechanism is interrupted. 
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THE DIFFERENCE SPECTRUM AND THE PHOTOSENSITIVITY 
OF RHODOPSIN IN THE LIVING HUMAN EYE 


By W. A. H. RUSHTON 
From the Physiological Laboratory, University of Cambridge 
(Received 20 March 1956) 


It is universally accepted that rhodopsin is the visual pigment of themammalian 
rods, and constitutes the photochemical basis of scotopic vision. An almost 
conclusive proof of this lies in the very close correspondence between the 
absorption spectrum of rhodopsin and the scotopic spectral sensitivity curve 
plotted on a scale of quanta. The recent measurements of Crescitelli & Dart- 
nall (1953) upon human rhodopsin fit the accurate scotopic sensitivity curves 
of Crawford (1949) in some respects even better than do the earlier rhodopsin 
measurements based upon extracts from the frog. 

The importance of rhodopsin has led to its extensive study by physiologists 
and biochemists culminating in two important achievements by Hubbard & 
Wald (1951, 1952). First, building upon the discovery of Ball, Goodwin & 
Morton (1948) that retinene is the aldehyde of vitamin A, Hubbard & Wald 
(1951) have been able to synthesize rhodopsin from vitamin A anda few 
reagents widespread in the body tissues, the special rod protein, scotopsin, 
being the only constituent specific to the eye. Secondly, Hubbard & Wald 
(1952) showed that of the five optical isomers of vitamin A studied, some 
will synthesize rhodopsin well, others very poorly. This, though it com- 
plicates a field which they were just succeeding in making remarkably clear, 
is of great importance. For not only is our understanding of the regeneration 
of rhodopsin enlarged, but we are warned against accepting too naively 
the results of bleaching with violet light which can also isomerize the photo- 
products. 

Nearly all the work that has been done upon rhodopsin in the last two or 
three decades has been done upon more or less purified extracts in bile salts or 
digitonin. The advantage of chemical purity which has led to such exact know- 
ledge is somewhat offset (as always) by the fact that rhodopsin so studied is 
in several respects under conditions different from those in the living rod. It is 
conceivable that the absorption spectrum, the photosensitivity and especially 
the kinetics of regeneration are different in situ from the values obtained in 
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digitonin extracts, and before we can be sure how far the two are the same we 
must have some method of measuring in situ the rhodopsin density in lights 
of various wave-lengths. 

Until recently the only method of doing anything of this kind has been to kill 
an animal at a given stage in some manoeuvre and to extract by digitonin 
under dim red light all the extractable rhodopsin. It is tedious and exacting 
to get results by this method, which is necessarily limited in scope and inac- 
curate in performance, so that despite the skill and care with which it has been 
done, the results have not contributed greatly to the comparison of rhodopsin 
measurements in vivo and im vitro. 

It is now possible, however, to make continuous measurements of the 
rhodopsin density in the living eyes of cats (Rushton, 1952; Weale, 1953), 
albino rabbits and even of man by methods which are briefly described by 
Rushton, Campbell, Hagins & Brindley (1955). This is an application of the 
observation by Abelsdorff (1898) who looked with an ophthalmoscope into the 
eye of a crocodile and saw against the white tapetum the chodopen first 
purple and then bleached to transparency. 

Man has no white tapetum, and indeed the fundus oculi is so black that hie 
than 0-0001 of the incident green light emerges from the ophthalmoscope. If 
the incident light is weak enough not to produce substantial bleaching, the 
emerging beam is so feeble that it is natural for the reader to question our 
claim that we were measuring rhodopsin at all, or at any rate to ask what is the 
relation between what we measure and the density of rhodopsin actually in the 
retina. 

This is not an easy question to answer, and the investigations of the present 
two papers were undertaken mainly in order to do so. But first we may 
consider the evidence advanced by Campbell & Rushton (1955), where the 
human measurements are fully described. 

In that paper, light flickering between orange and green was sent into the eye 
and the light returning through the ophthalmoscope was received on a photo- 
cell whose output was analysed. Now rhodopsin is nearly transparent to 
orange light so the fraction reflected from the choroid back through the retina 
into the photocell will be nearly the same whether the rhodopsin is present or 
bleached away. With the green light, on the contrary, the bleaching of rhodop- 
sin will remove a layer of light-absorbing pigment. The amount of rhodopsin 
bleached will therefore be shown by a change in the relative red and green 
outputs. Now, in fact, changes in the red/green output were found as a result 
of various procedures and the question is whether these c are due to 
rhodopsin bleaching or to something else? If they are due to rhodopsin, the 
inferred ‘rhodopsin’ has the following properties: 

(a) It is bleached in the light and regenerated in the dark in the expected 
way. | 
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(b) The Bunsen-Roscoe Law is obeyed, i.e. a flash always produces the same 
amount of bleaching provided that the total energy (= intensity x duration) is 
constant and the duration less than 40 sec. 

(c) Monochromatic lights previously matched to appear equally bright in 
scotopic conditions bleach the ‘rhodopsin’ equally. 

(d) The distribution of ‘rhodopsin’ in various regions of the dark-adapted 
retina goes hand in hand with the rod density relation ( Osterberg, 1935) and 
with the absolute threshold (Stiles & Crawford, 1937; Sloan, 1950). 

(e) Excessive bleaching limited to a 3° circle at one place on the retina 
produces no detectable change measured at a region 3° away. 

The conclusion from (5) and (c) is that the change we measure is the result of 
stimulation of the rods. Any rod-activated reflex, e.g. eye movement, would 
show such a relation if sufficiently exactly repeatable. But (e) shows that the 
change is extremely localized on the retina, and (d) that it seems to go hand in 
hand with the rhodopsin content. This, together with further considerations 
mentioned in that paper, left us with little doubt that we were measuring 
rhodopsin. But the only way to prove it is to show that this change not only is 
caused by rhodopsin bleaching, but also exhibits the specific properties of the 
bleaching of rhodopsin itself. Two such properties can be measured: (i) the 
difference spectrum, and (ii) the photosensitivity. 

In order to make as clear as possible the important distinction between 
measuring some effect of rhodopsin bleaching and measuring the actual density 
change in the bleaching of rhodopsin itself, let us make ¢he rather unlikely 
supposition that excitation of the rods causes a local movement of the pigment 


_ epithelium in such a way that the red/green ratio of reflected light is diminished. 


This might conceivably give the sort of time relations found by Campbell & 
Rushton (1955), and in particular, since the effect is produced by the activity 
of the rods, it will exhibit exactly the action spectrum of rhodopsin (c) above. 
But it would not show the difference spectrum of rhodopsin. The action 
spectrum relates the wave-length of the bleaching light with the intensity 
required to produce a given effect—in this case a certain pod excitation which 
results in the fixed epithelium change we measure. Th@™A/ference spectrum is 
wave-lengths. It 
would therefore be more or less the absorption spgetrum of the pigment 
epithelium and have nothing to do with the spectrum of rhodopsin. 

The supposition of pigment movement may be considered extravagant, but 
it illustrates the following much wider generalization. If the change we measure 
is the alteration in rhodopsin density, then the difference spectrum will be that 
of rhodopsin. If the change is something else, the difference spectrum will 
presumably be quite unlike it. Now in Part 1 of this paper the difference 
spectrum is measured and will be shown to be in fact very similar to that of 
rhodopsin extracts. 
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An independent and equally strong line of evidence may be derived from the 
kinetics of bleaching—the rate with which rhodopsin is bleached in light of 
known intensity and composition. If we are measuring pigment migration, the 
shape of the curve relating the amount of bleaching light to the amount of 
movement is unpredictable. Still more so the number of actual quanta per mm? 
falling upon the retina in order that the migration should undergo just half its 
total excursion. But the curve may easily be calculated for the bleaching of 
rhodopsin, and the light energy for half bleaching can be obtained from the 
results of Dartnall, Goodeve & Lythgoe (1938) if we can accept values from 
frog’s rhodopsin in digitonin extract. In Part 2 of this paper it will be shown 
that in the human eye the bleaching does follow the theoretical curve and has 
more or less the expected photosensitivity. 

If upon the foregoing type of evidence it is accepted that our measurements 
are proportional to the rhodopsin density in the retina, there arises the possi- 
bility of estimating the constant of proportion and so finding the actual 
rhodopsin density. This figure is of importance in work on the absolute 
threshold and the quantal structure of the visual process, and in the following 
paper a probable figure will be reached. 


METHODS 

The apparatus was built round a fine double monochromator which was designed by Stiles and 
built by the National Physical Laboratory to whose generosity I am indebted for its use. It is 
essentially one deck of his great 3-deck ‘N.P.L. Trichromator’ (Stiles, 1955). 

The principle of the instrument is that light entering the inlet slit J (Fig. 1) is collimated by L, 
dispersed by two prisms and focused by L, to give a real spectrum S ... 8 in the median plane of 
the instrument. The field lenses L,, L, image one half of the system on to the other, and so the 
light in the second half is the mirror image of that in the first half, and thus all the rays are 
recomposed and emerge from the exit slit 7 as white light. Now in the plane 8 ... 9 is a metal 
sheet with six slots cut in it, each provided with a shutter to close it. If only one slot is open, the 
light emerging from the exit slit will consist of a narrow wave band corresponding to the width of 
the slot and ite position in the spectrum. In addition to the six narrow slots there is a wide slot 
620-670 my, in front of which is a neutral density wedge W (which changes about 0-1 log ,, units 
for each 15 mm of wedge movement). | 

The exit light is collimated by L, (Fig. 1), and focused upon the cornea of the subject by the 
Maxwellian lens L, (Fig. 2). The stop S, narrows the beam down to about a 4° pencil, and this falls 
upon a region 15-20° from the fovea on the side remote from the optic disk. The position was 
maintained by fixating with the other eye upon a red light suitably placed, The image of the exit 
slit fell as a vertical line upon the cornea about half way between the centre and the nasal edge of 
the dilated pupil (see inset to Fig. 2). The image was long enough nearly to reach the iris above 
and below at this place. The ophthalmoscopic mirror (M, Fig. 2), whose edge was blackened, just 
intercepted a little of the incident beam upon the unsilvered side. The light source for the spectrum 
was 16V 18A tungsten filament lamp, A, (Fig. 1), with a heat absorbing filter F, interposed in the 
beam. The narrow wave bands used to measure rhodopsin were not intense enough to cause 
appreciable bleaching, for which purpose a separate light source A, was used. This was a car 
headlamp 6V 6A with a straight helical vertical filament. The lamp was mounted on a hinge and 
could be swung into position just outside the exit slit (#, Fig. 1) of the monochromator, A lens 
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attachment J, produced virtual image of the filament coinciding with the slit E so 

that the 
patch of retina upon which the measuring lights fell was the same as the patch where the bleaching 
light fell. The bleaching intensity was controlled by neutral filters F,. 


= 


we 


‘Stray light 

This is an important consideration in determining the absolute value of rhodopsin density, and 
the present arrangement aimed at reducing scatter as much as possible. All the observations of 
this paper were made upon the light reflected from the eye by the ophthalmoscopic mirror M, and 
measurements of the photocell output in green light showed that this reflexion was only about 
0-00005 of the energy incident upon the cornea. This may at first seem an absurdly small fraction, 
but it is about the magnitude to be expected. For if the illuminated patch of retina was a small 
white perfect diffuser (e.g. a MgO surface), about 3% of the incident light would emerge from an 
8 mm pupil, assuming no transmission loss through the eye. But in fact about half is lost in each 
passage (Ludvigh & McCarthy, 1938) and only two-thirds of the pupil light is caught by M, hence 
only 05% would form the signal. Now according to the measurements of Brindley & Willmer 
(1952) the reflectivity of the fundus oculi for green light is only 1% that of a MgO surface, hence 
our signal should be only 0-00005 of the incident light. Since such a minute fraction constitutes 
the basis of our estimations, the inclusion of a very small amount of scattered light would cause 
a large percentage error, and the arrangement shown in Fig. 2 was used to reduce this. 

The light received by the ophthalmoscopic mirror M from the illuminated patch of fundus 
arrives by a path which is almost entirely separate from that of the ingoing light. In particular in 
the cornea and lens, which are the principal regions of scatter in the preretinal media, the ingoing 
and outgoing rays do not overlap. This means that it is possible to separate the light scattered 
from cornea and lens (the stray light) by means of stops suitably placed. The lens L, (Fig. 2) 
forms an image of the retina in its focal plane where an iris stop S, is mounted. With the stop wide 
open it is easy to see the bright 4° circle of illuminated retina and to centre this by suitably moving 
the stop.&, in the incident light. When this is centred it is also possible to see the scattered light 
in the subject’s lens forming a diffuse patch to one side. When now 4, is stopped down it is seen 
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: Fig. 1. Stiles double monochromator: for explanation see text. : 
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to exclude the lens stray light well before reaching the final aperture stop of 2° or 3° centred upon 
the illuminated patch of 4°. 

The lens L, (Fig. 2) forms an image of the pupil of about natural size and the iris diaphragm 
8, is fixed in this plane. It is centred upon the eye and closed sufficiently to exclude all sight of the 
iris muscle, so that small variations in pupil diameter will be without effect. A small corneal 
reflexion of the incident light could often be seen on the left of the pupil image, though most of the 
light was reflected towards the nose and away from M. This-reflexion when present was excluded 
by a card S, with a straight vertical edge, placed so that ites image S, lay in front of the cornea 
as shown dotted in Fig. 2. In this way the corneal reflexion and some external stray light was 
excluded and only the light leaving the eye by the temporal two-thirds of the pupil admitted, but 
of that nearly all was admitted. 

The subject also wore a small patch of black adhesive tape on the left side of his nose to reduce 
the quite appreciable amount of light that could otherwise be seen to be reflected from cornea to 
nose and from nose past the edge of M into L, and photocell. 


S, 


The null principle 

If the absolute value of the light reflected from the eye were used as a measure of the rhodopsin 
density, any change in the intensity of the light source would be interpreted as a rhodopsin 
variation. To eliminate this error the light incident upon the eye is, by the following device, 
flickered between the wave-length to be investigated and 640 my to which rhodopsin is transparent. 
In front of the wide slot in the red part of spectrum § ... S (Fig. 1), is placed a polaroid P,. In 
front of the six narrow slots is another, P,, orientated at right angles to P,. In front of the inlet 
slit J is a third polaroid P, mounted in the centre of a ball race and driven by a pulley so that it 
rotates at about 10 c/s. At one position of the ball race the red light will be excluded from the exit 
slit and th.» narrow slot of wave-length A will be maximal. At an angle @ from this position the 
photocell will receive a red light producing an electric output a sin* @ together with a light wave- 
length A producing an output 5 cos* §. The total output therefore is 


a sin® cos* 6, 


S, 
Pupil Retinal 
| image image 
7 Photocell 
l, 

| 
' Fig. 2. Ophthalmoscopic arrangement: for explanation see text. 
a Inset: image on pupil. 
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and as @ changes at 10 o/s the output may be seen as a sine wave upon a cathode-ray tube. Now 
the red light passes through the wedge W (Fig. 1), and hence the value a can be altered by moving 
the wedge. When a= the above expression becomes er 


b (sin*® + cos* 6) 


and the alternating current (a.c.) output from the photocell vanishes. This condition is indepen- 
dent of variations in the intensity of the light source, but is highly sensitive to variations in 
rhodopsin density, for that will change the value of the green signal but not the red signal, But 
any such change in balance caused by bleaching may be restored by moving the wedge W until 
there is again the null condition for the a.c. output, in which case the decrease in density of the 
wedge must be equal to the decrease in density of the rhodopsin (measured in light of wave-length A 
for a double passage). 


We 


Fig. 3. Phase sensitive rectifier for analysing the ‘noisy’ signal A. B, pure sine wave for com- 
parison. G@, galvanometer whose deflexion is zero when the Fourier analysis of A contains 
zero component corresponding to B. 


Electrical 

The light was received upon the large photocathode of an E.M.I. photomultiplier tube, and the 
a.c. output was displayed upon a cathode-ray tube for monitoring, but with the very weak signal 
received from the eye it was not possible in the presence of electrical noise to get a reliable zero 
point. A very great improvement in the signal-to-noise ratio was obtained by adopting the elegant 
phase-sensitivity rectifier circuit suggested to me by Mr M. Ryle, F.R.S., of Trinity College, 
Cambridge. This has already been described (Rushton et al. 1955) and it will here suffice to say that 
if the two inputs A and B (Fig. 3) are transformer-coupled to the rectifier bridge as shown, the 
mean current through the galvanometer is proportional to 


[az ae 


Now B is a pure sine wave (sin pt) in phase with the signal. It is the a.c. output from a second 
photomultiplier cell C (Fig. 1), which received the light reflected from the face of the second prism 
nearly at the polarizing angle. A is the photocell output which, except at the null point, is 
a similar sine wave but contaminated by the addition of much inevitable ‘noise’. As is well 
known 


[?"sin pt sin gt 

0 

for all values of g except when g =p. Thus the entire noise content of A integrates to zero except 

for one component which happens to coincide with the true signal in frequency and more or less 

in phase, The integration of the signal on the other hand produces a deflexion in the galvano- 

meter @ (Fig. 3). 
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A measurement therefore is easily performed, for the wedge W (Fig. 1) is simply moved so that 
the galvanometer is brought to zero. And since the time constant of the system is about } sec, 
@ setting is complete in a few seconds and the readings are usually correct to 1 mm, i.e. to 
0-005 density unit. 

The subjects 


These were mostly young male adults all with normal vision. The left pupil was dilated and 
accommodation fixed by homatropine. The head was immobilized by biting upon a dental impres- 
sion and pressing against a forehead rest also moulded to the head with dental wax and reaching 
round to the temporal region. The left eye was maintained in position by fixating a red light with 
the right eye. Ipsiocular fixation would have been better but the ophthalmoscopic mirror made 
this difficult, and no troubles seemed to arise from the method used. The subjects were allowed to 
blink freely. This caused a sudden little flick of the galvanometer which was instantly recognized 


and did not affect the accuracy of the wedge settings. 

The whole method depends upon immobility and steady fixation on the part of the subject, and 
when this had to last some 20 min on end it was rather an exacting performance. I have been very 
fortunate in the keenness and self control 


class in physiology in this Laboratory. 


PART 1. THE DIFFERENCE SPECTRUM 

In the former investigation (Campbell & Rushton, 1955), the flickering light 
used for measuring the change in rhodopsin was produced by two rotating 
colour filters. This arrangement was not suited to the measurement of a difference 
spectrum, and we therefore restricted ourselves to the action spectrum which 
(as pointed out above) showed that the bleaching of rhodopsin caused our 
effect, but not that the effect was itself the removal of rhodopsin. With the 
present apparatus it is easy to make the measurements in any one of six 
different wave bands balanced against the wide band in the red to which 
rhodopsin is transparent. The narrow bands are shown in Fig. 4 by the position 
and extent of the horizontal lines of the rectangles which represent the experi- 
mental results. 

Procedure. The experiment was carried out as follows. First the subject with 
pupil well dilated was correctly lined up in the apparatus, and the various 
stops adjusted in good light obtained by opening all the slots in the spectrum 
S...S (Fig. 1). The subject then dark-adapted for some 15 min away from the 
equipment and could return without further trouble to the correct position. 

Now all the slots except one were closed and the wedge set to bring the 
galvanometer G (Fig. 3) to zero. The wedge reading was taken, and the wave 
band changed by closing this slot and opening another one. In this way all six 
readings could be taken in about 1 min, The whole series was at once repeated, 
and usually the two settings did not differ by more than 1 mm of wedge. The 
photocell was now switched off to avoid overload, the bleaching lamp swung 
into the optic axis, and the required exposure given. The duration of the 
exposure was between 5 and 10 min and the light had a neutral filter of density 
1-0 interposed to give a retinal illumination of about 700,000 trolands. 
(A white surface of luminance 1 mL viewed through a pupil 2 mm diameter 
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gives a retinal illumination of 10 trolands). At the end of this time, wedge 
settings were taken for the six wave bands to see the change on bleaching, and 
the whole series immediately repeated fur confirmation. In order to counteract 
the regeneration occurring during these measurements a 10 sec period of 
bleaching was interposed from time to time. By this procedure the second 
two series corresponded to each other closely, though usually not so well as the 
pair at the beginning when the pigment was in equilibrium and the subject 
fresh. 
TaBig 1. Difference spectrum of human rhodopsin 


dies Wedge readings 

(my) Initial Repeat After 10 min bleach Repeat Difference Scaled 
575 216 217 221 220 4 15 
550 229 229 242 241 12-5 48 
530 223-5 222-5 245*, 245 244 21-5 83 
505 229 ‘ 227, 228 253 254*, 254 26 100 
480 207 207 226 228 20 77 
460 194 195 209 209 14-5 56 


* Signifies that there was a 10 seo bleach interposed. 


100 


A my 


Fig. 4. Difference spectrum for human rhodopsin after 10 min bleaching. Curve is the difference 
spectrum for digitonin extract of human rhodopsin (Crescitelli & Dartnall, 1953). 


Table 1 gives the actual measurements in one typical experiment to show the 
sort of accuracy obtained, and Fig. 4 gives the average result of five such 
experiments. The horizontal dimension of each rectangle indicates the position 
and width of the wave band used, and the vertical dimension shows the 
average density change + the standard deviation of the mean when each set of 
differences had been scaled to a maximum of 100; the curve gives the difference 
spectrum obtained from human rhodopsin in digitonin extract by Crescitelli & 
Dartnall (1953). 

The rectangles lie so close to the curve that there can be little doubt that it is 
the rhodopsin density in the rods which is being measured. But there are two 
matters which still need attention. First there is a consistent — 
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between results and curve; secondly, in order to obtain these results it is 
necessary to bleach for a period well over 5 min. 

The rate of rhodopsin bleaching will be considered in detail in Part 2 of this 
paper, and Fig. 6, p. 23, shows the fraction remaining after 10 sec bleaching 
with various neutral filters in the path of the bleaching light. The bleaching 
light in the experiments of Fig. 4 had a density 1-0 interposed, thus about half 
the rhodopsin is bleached in 10 sec and we should expect 94% to be removed 
in 40 sec. It might therefore be supposed that a short exposure of 40-60 sec 
would have the advantage of removing nearly all the rhodopsin with least 
strain upon the subject. 

100 


500 my 600 
Fig. 5. Same as Fig. 4 but taken after less than 2 min bleaching. 


The first experiments were conducted upon this plan and the average results 
are shown in Fig. 5, plotted as in Fig. 4, together with the continuous curve of 
Crescitelli & Dartnall’s human rhodopsin. It was clear that the experimental 
rectangles were displaced much further towards the red than could be 
accounted for by random experimental error, and three possibilities suggested 
themselves: (a) the absorption spectrum of rhodopsin im situ is markedly 
different from that of extracted rhodopsin; (b) the measurements in Fig. 5 
involve a cone pigment; or (c) the photo product in the rods is different from 
that in digitonin extracts, so that though the absorption spectrum is the same 
the difference spectrum is not. 

Now (a) can be at once dismissed, for the scotopic sensitivity curve is known 
to coincide almost exactly with rhodopsin-digitonin absorption curve for 
wave-lengths greater than 500 my and thus this absorption curve and not the 
results in Fig. 5 represent the absorption curve in situ. In order to test (d) the 
experiment was repeated using partial bleaching with bright orange or blue or 
green lights. No change in the shape of the difference curve resulted from these 
various coloured bleachings and hence no support was obtained for the idea 
that a cone pigment was involved. 

In considering (c), that the photoproduct in the rods is different from indi- 
cator yellow, we may first inquire what kind of absorption it should have, to 
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account for the results of Fig. 5. It clearly must absorb not only in the blue 
but quite strongly in the green, and when isolated thus appear orange. Now 
Lythgoe & Quilliam (1938) showed that in digitonin solution the first photo- 
product to be formed was ‘transient orange’, but at room temperature it 
rapidly decomposed to indicator yellow. Broda & Goodeve (1941), Collins & 
Morton (1950) and Wald, Durell & St George (1950) have investigated this in 
stable conditions at about —50°C. All are agreed that an early photoproduct 
is orange, but in digitonin solution at room temperature this is rapidly broken 
down, and so if the same happened in the rods there would be little of it in the 
experiments of Fig. 5. 

Berger & Ségal (1950), on the other hand, suggest that the instability of 
transient orange may be due to the way that the extract is made, for they find 
that rhodopsin extracted in digitonin which had been carefully buffered before 
adding it to the retinas yielded a stable orange product, which, at room tem- 
perature, decomposed only slightly in half an hour. This strengthens the 
possibility that in the rods themselves the orange product may be less transient 
than has been supposed, and measurements of the difference curves obtained by 
bleaching rhodopsin in the rods have in fact shown a maximum in the 
neighbourhood of 510-515 my (frog). 

Arden (1954 a-c) found this in a suspension of frog’s rods in sucrose, Barer & 
Sidman (1955) in a suspension of 40% protein solution, and Dobrowolski, 
Johnson & Tansléy (1955) noted a corresponding shift in the pigment of single 
Xenopus rods as compared with Dartnall’s (1954) digitonin extract. Hagins, 
working in this laboratory upon living or excised eyes of albino rabbits, has 
measured the bleaching of rods in situ by the ophthalmoscopic method described 
by Rushton e¢ al. (1955), This important investigation is in the course of pub- 
lication and I shall not anticipate it here further than to say that it establishes 
clearly that the orange product in the rods has a decay period lasting many 
minutes even at body temperature. 

The brief reference above to Arden’s work does not do justice to the sustained argument and the 
series of investigations by which he supported the claim that his suspension of rods contained two 
pigments, rhodopsin and a second which had an absorption maximum at 535 mp and which thus 
could account for the difference spectrum of the mixed pigment being at 510-515 my. 

His suspension certainly contained mixed pigments, but it also contained mixed rods. As 
Denton & Wyllie (1955) have confirmed some 8 %, of the frog’s rods are the green rods of Boll (1876) 
and Kiihne (1878). These are not mentioned by Arden, but they must have been involved in his 
measurements and they seem the obvious source for a second rod pigment. Nearly all Arden’s 
results can be re-interpreted on the assumption that the rhodopsin difference spectrum in the rods 
has its maximum at 515 my but appears less on account of the contribution by the green rods. On 
this view the green pigment can be bleached readily by blue light, slightly by red light and not at 
all by green light as Denton & Wyllie found with their green rods. If this interpretation were 
correct we should expect that homogeneous pink rods would show a red-displaced difference 
spectrum, This is precisely what was found in single rods by Dobrowolski et al. who expressly 
reject (for their material) Arden’s mixed pigment interpretation. And, as mentioned above, 
the human experiments tend to the same conclusion, for here too no differential bleaching is seen. 
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It thus seems likely that the results of Fig. 5 are associated with the large 
amount of orange product formed from the sudden bleaching of nearly all the 
retinal rhodopsin. When, however, the bleaching had been maintained for 
over 5 min, as in Fig. 4, much of this photoproduct had decomposed, and so, 
despite the continued bleaching of regenerating rhodopsin, the difference curve 
lies closer to the rhodopsin absorption curve. The divergence which remains 
could easily be accounted for by the orange product still present, and so 
the results of Fig. 4 are seen to agree with what might be expected from 
measuring the bleaching of rhodopsin even more closely than at first 
appeared. 

The results of Fig. 5 may be accounted for accurately enough by assuming 
that all the bleached rhodopsin has formed meta-rhodopsin and that some of 
this has in turn become vitamin A. But the quantitative aspects cannot 
profitably be discussed without a proper study of the kinetics. 


PART 2. PHOTOSENSITIVITY 


In the previous paper (Campbell & Rushton, 1955) it wasshown that‘ rhodopsin’ 
was bleached more completely the stronger the light and the longer it lasted. 
It was also shown that the Bunsen-Roscoe law held for durations of flash less 
than 40sec. We now turn to the quantitative investigation of how much 
rhodopsin is bleached by 10 sec exposure to light of various intensities. The 
importance of this (as was shown in the introduction) is that if we are measuring 
rhodopsin we have an exact prediction applicable to our results, and hence it 
constitutes a strict test of the belief that our wedge settings do measure the 
actual rhodopsin density. 

Procedure. The subject was prepared and the head clamps adjusted so that 
he could at once take up the correct alignment. He then dark-adapted for half 
an hour. Upon returning to the apparatus, first the dark-adapted wedge 
setting was taken, and then the bleaching lamp was thrown into the light path 
and a 10 sec exposure given with suitable neutral density filters interposed to 
adjust the intensity. The bleaching lamp was at once removed and the new 
wedge setting taken, following which the subject left the apparatus for a new 
period of dark adaptation. In this way the amount of bleaching was found for 
various intensities of the 10 sec exposure. The wedge setting corresponding to 
total bleaching was taken as the value obtained after 1 min exposure with 
a neutral density of 0-6. This is not strictly comparable with the 10 sec series, 
but the bleaching light at full brightness was over 7,000,000 trolands, and 
I hesitated to use it on my subjects. 

Fig. 6 shows the result of one such experiment. Horizontally (from right 
to left) is plotted the density of neutral filter interposed in the bleaching 
light. Vertically is the proportion of the total rhodopsin left after 10 sec 
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bleaching with this filter interposed. It is obtained by evaluating the 


fraction 
partial bleached setting — total bleached setting 
dark adapted setting — total bleached setting 


Each point was determined twice ( x , ©) in an irregular order. The curve shows 
the theoretical relation expected in the bleaching of a photopigment. It will be 
derived later, but it may at once be stated that the shape is fixed and the only 
arbitrary feature is the position along the horizontal axis. In Fig. 6 the curve 
has been shifted horizontally to coincide well with the experimental points. 
This one arbitrary constant depends upon the photosensitivity of the visual 
pigment and hence can be used to measure it. To do this we first calculate the 
bleaching curve for a visual pigment in general, and of rhodopsin in particular. 
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Fig. 6. Relation between log energy of a 10 sec bleaching flash (horizontal) and the fraction of 
rhodopsin left unbleached. Curve is the theoretical relation expected of a visual pigment. 


The kinetics of rhodopsin bleaching 
Dartnall e al. (1938) have worked out the kinetics of bleaching of a visual 


pigment where no regeneration is taking place. 


If t=duration of bleaching illumination, 
I, =steady incident light flux in quanta cm-* (A=506 my), 
I, =light flux which is transmitted after duration ¢ of bleaching, 
k=an integration constant; 


they derive for a visual pigment the relation 


where in the case of digitonin extracts of frog’s rhodopsin 


C=9 x cm’. 
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Let ¥)=initial dark adapted pigment density, 
y =density after exposure to 
I,t=Q quanta 
Then by definition 
y =logio aya 

Hence from equation (1) 
—log, (10¥—1) =CQ+k. 
Since initially y=y, and Q=0 we may evaluate k and hence obtain 


log, (10% — 1) —log, (10¥—1) =2°3 (2) 


Now in the actual experiment Q is varied by interposing neutral filters of 
total density D giving log Q= —- D+constant. Thus equation (2) becomes 


log log <D+o, (3) 


where ¢ is a constant which will be evaluated. 

Equation (3) gives the theoretical curve of Fig. 6 where the horizontal values 
are the bleaching densities D read from right to left and vertical values give 
y/Yo, the fraction of photopigment remaining unbleached. The shape of the 
curve turns out to be practically independent of the value chosen for the initial 
rhodopsin value y, if this is less than 0-2, and the actual value assumed is 
0-15 for reasons given in the following paper. 

It is clear from Fig. 6 that the experimental points fit the curve well enough 
if we may slide this along the axis to the most suitable position—namely to the 
point where half bleaching corresponds to a neutral density of 0-93, and 
hence the experimental relation fits exactly the bleaching of a visual pigment. 
But if the pigment is rhodopsin under the same conditions as in the experiments 
of Dartnall et al. (1938) we know how many quanta cm~*, Q, will be required in 
the flash in order to bleach half the pigment away. It is given by equation (2) 
when y/¥y, is made 4 and C=9 x 10-"” cm?, The value is 


log Q = 15-94. | (4) 
It remains to work out from photometry how many quanta cm~* were actually 
required in the experiment of Fig. 6 to bleach half the pigment; how many in 


fact were contained in the 10 sec flash with a density of 0-93 interposed, which 
is seen to have bleached just half. 


Photometry. The absolute standard was a 6 V headlamp bulb, under-run at a precise voltage and 
used in a specified way. In these conditions it had been calibrated by the National Physica! 
Laboratory. A colour-temperature meter checked against this was found to be correct, and an 
8.E.L. luminance meter used in conjunction with a white MgO surface was also found to have 
a very small zero error (which was corrected). 
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To measure the retinal illumination during bleaching, the cone of bleaching light which entered 
the eye was received upon the MgO screen at @ measured distance from the cone apex, and the 
luminance (in the absence of interposed filters) measured with the S.E.I. meter. The colour 
temperature of the source was also measured. Troms tne we many compute the retinal Muminetion. 

Let t=duration of bleaching exposure (sec), 

=10, 
L =laminance of MgO test screen (photopic mL), 
log L=1-55 log mL (photopic), 
x=distance of MgO screen behind cone apex (cm), 
= 13-5, 
1-6 cm = posterior nodal distance of the eye, 
_ D-=neutral density required for exactly half bleaching, 
Q = bleaching energy in equivalent quanta/em* (A—507 my), 
F =conversion factor from photopic to scotopic units, 

log F =0-15 for the colour temperature 2750° K of the light used. 

The value of F’, kindly given me by Dr Stiles, was obtained as follows. A tungsten filament at 
a colour temperature 7’ has a known relative spectral energy distribution. The relative photopic 
brightness is found by multiplying the relative energy emitted, by the photopic sensitivity for each 
wave-length and integrating over the whole spectrum. The scotopic brightness is found using the 
scotopic sensitivity curve so scaled that the two integrals are equal when T' is 2042° K (the platinum 
point). At any other temperature, the scotopic integral is F times the photopic. 

an illumination of ZL 10-* lm/cm*. . 

Thus the retinal illumination =(z/1-6)*L 10-* lm/om?. 

But 1 photopic lumen=F scotopic lumens = 1-46 x (A=6507). 

Therefore retinal illumination = z*LF(1-46/2-56)10"* quanta s¢c—! om-*. 

- Thus Q=2*LFt 5-7 x 10" quanta/cm*, assuming no neutral is interposed and that trans- 
mission losses in the eye are negligible. 
experimental values given above leads to 


D+log Q= 16-72. 


log Q =15-79, 
which lies close to the value of 15-94 obtained in (4). 

_ However, the assumption that the bleaching conditions were the same as 
those of Dartnall e al. (1938) is incorrect in at least two respects: (i) trans- 
mission losses through the eye media are serious, amounting probably to about 
44°, for white light bleaching rhodopsin (after Ludvigh & McCarthy, 1938); 
(ii) the rhodopsin molecules in the rod are orientated (Schmidt, 1937; Denton, 
1954) but-in solution they lie at random. This ought to make bleaching om vivo 
3/2 as effective as in solution, and Hagins (1954) has found this to be the case. 

The effect of these two factors is to increase the discrepancy somewhat so 
that log Q expected becomes 16-01, that found being 15-79. This difference of 
0-22 was confirmed in a series of seven similar experiments which gave a mean 
and standard deviation of 0-24 + 0-02, so the pigment bleaches about 1-7 times 


as fast as might be expected of rhodopsin. 


_ Thus when D is 0-93 
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DISCUSSION 


The object of this paper is to test the conclusions of Campbell & Rushton (1955) 
by measuring the difference spectrum and photosensitivity of the retinal change 
observed, for these are two measures absolutely characteristic of rhodopsin. 

It was shown in Part 1 that the difference spectrum (Fig. 4) was almost 
exactly what would be expected if we accept (what has generally been found) 
that the orange photoproduct does not break down very fast when rhodopsin 
is bleached in the rods. This fairly secure and satisfactory conclusion would 
have had to be seriously reconsidered if Part 2 had shown a photosensitivity 
many tens or hundreds of times different from that characteristic of rhodopsin. 
But considering the difficulties of this type of experiment, the agreement to 
within a factor of 2:1 may be regarded as distinctly confirmatory. The dis- 
crepancy is, however, well outside random error, and search for systematic 
error has not revealed anything very obvious. It is just possible that human 
rhodopsin in situ is more photosensitive than frog’s, though rabbit’s rhodopsin 
appears less so (Hagins, 1954). One might also suspect that Ludvigh & 
McCarthy’s figure of 44% transmission logs in the eye is somewhat too high 
(though Weale’s 1954 measurement of loss in the human lens supports them). 
But there is one other possibility which should not be overlooked. 

In most histological drawings of human rods the inner segment is shown 
slightly wider than the outer segment. Polyak (1941) reproduces drawings 
from Schultze & Schwalbe in fig. 28, Tartuferi in fig. 29 and his own in fig. 45, 
all of which show this, and Detwiler (1943, fig. 32) depicts it strikingly for 
monkey rods, but not for the non-mammalian receptors. 

There is little or nothing in the text calling attention to this, but the inner 
segment is in fact usually shown some 30--100% greater in diameter, that is 
about twice the area in cross section or more. Now, since the rods havea higher 
index of refraction than the surrounding fluid, there would be a strong tendency 
for light collected in the wider inner segments to be concentrated into the 
narrow outer segments where the rhodopsin is situated. This was in fact 
observed by Schultze (1866) in the fresh human retina. Speaking of the rods he 
says ‘Ihre Chorioidealenden stossen nicht dicht zusammen. Es bleiben viel- 
mehre recht ansehnliche Zwischenriume zwischen ihnen iibrig, welche bei 
Beleuchtung der Retina von unten ganz dunkel erscheinen und die hellen 
Stabchen wie Perlen auf dunklem Grunde hervortreten lassen.’ A mechanism 
which might make the rods ‘stand out like pearls on a dark ground’ is 
deseribed by Arey (1928, p. 893) who speaks of the lens-like action of the 
highly refractile paraboloid and ellipsoid in rods and cones, which could 
concentrate the light upon the narrow outer segments. If this occurred it 
would nicely account for the high photosensitivity found, since the actual 
bleaching light flux in the rhodopsin would be about twice that supposed. 
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_ The idea, then, that the rods funnel light into their smaller outer segments 
has this to recommend it. It accords with depicted structure, it accounts for 
the high photosensitivity observed, and in the following paper it will help to 
explain away the discrepancy between the absolute rhodopsin density in the 
retina as determined by ‘retinal densitometry’ and by rhodopsin extraction. 
It also confers upon the retina an improved quantum-catching power. For 
twice as many quanta will be absorbed if the outer segments are made twice 
as small and the given amounts both of light and rhodopsin are concentrated 
within them. 

It seems possible, moreover, that this principle is greatly developed in the 
cones, so that both light and pigment are concentrated at the very apex. This 
could account for the Stiles-Crawford effect (1933) as O’Brien (1951) has 
ingeniously worked out, and for the astonishingly high values both of cone 
pigment density and of photosensitivity which Brindley (1955) has had to 
infer from his colour-matching experiments and which he has interpreted in 
this way. It also makes intelligible the observation that cone pigments can be 
measured by retinal densitometry (Rushton, 1955) despite the fact that the 
total amount of cone pigment in the mammalian retina is so minute as to be 
virtually undetectable in digitonin extracts. 


_1, An apparatus is described for measuring the rhodopsin density in the 
human eye. 

2. The difference spectrum on bleaching is similar to that of rhodopsin 
extracts but the maximum is at a wave-length 5-10 mp longer. 

3. The photosensitivity, when corrected for transmission losses and molecular 

orientation, is about 1-7 times that of rhodopsin extract. 

. 4.. Evidence points to the funnelling of light from the wide inner segments 
of the rods to the narrower outer segments. : 

1 am indebted to the Royal Society and the Medics! Research Council for grants towards 
equipment, to the National Physical Laboratory for the Stiles monochromator, to the students 
who volunteered as subjects, and to Mr Clive Hood for his able assistance in all practical aspects 
of the work. 
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THE RHODOPSIN DENSITY IN THE HUMAN RODS 


By W. A. H. RUSHTON 
From the Physiological Laboratory, University of Cambridge 
(Received 20 March 1956) 


The foregoing paper was concerned to measure in various conditions the change 
in rhodopsin density in that region of the human retina (15-20° parafoveal) 
where it is maximal. 

The total rhodopsin density might be thought to follow at once from these 
measurements by noting the change between complete dark adaptation and 
full bleaching. But absorption in a complex structure such as the retina is not 
quite simple to appreciate, and in this paper an attempt is made to apply the 
proper corrections to the experimental observations. 

The result gives a value for the density in the rods and for the mean density 
of this retinal region substantially higher than that commonly accepted, and 
former estimates are discussed. Finally the bearing of the new figure upon the 
quantum threshold for vision is indicated. 


PART 1. THE IRREDUCIBLE LOWER LIMIT TO THE DENSITY 
OF HUMAN RHODOPSIN 


The apparatus and experiments have been described in the foregoing paper 
(Rushton, 1956), where the results were used to substantiate the view that the 
density change measured was due to the bleaching of the rhodopsin in the rods. 
We now turn to the question of how much rhodopsin was thus bleached. 

In that paper, Table 1, p. 19, it is seen that in the example quoted the 
balance point of the wedge had shifted 26 mm for light of wave-length about 
505 mu. The wedge density was calibrated in the red light which fell upon it 
and the results gave a linear change of 0-060 decadic density units per cm shift 
of wedge. Thus, in the example of Table 1, bleaching caused a decrease in 
retinal double-density of 0-156. The light passes twice through the retina, but 
only once through the wedge, so this figure should be halved to give the retinal 
density change for a single passage, which is what is meant in this paper by 
‘retinal density’. Now in Fig. 4 of the previous paper (Rushton, 1956) 
a difference spectrum was obtained which was found not to coincide with the 
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curve of human rhodopsin, but to be displaced towards the red. This was 
interpreted as due to the slow decomposition of an orange photoproduct which 
absorbs very appreciably at 505 my. If this is correct, the measured change in 
rhodopsin will fall short of the true amount by the density of this orange 
product. It is not easy in the living human subject to correct for this entirely, 
but two methods have been tried. In one the bleaching light was left shining 
for 20 min or more. The total wedge shift never quite came to a maximum but 
increased by about 1 mm for each doubling of the bleaching time. This gave 
a total density of 0-09 (sometimes slightly more) for about 20 min bleaching. 
Since regeneration and further orange photoproduction continues during the 
20 min, the value of 0-09 is still below the full rhodopsin density. 

The other method is to scale the curve of Fig. 4 to coincide with the rhodop- 
sin curve of Crescitelli & Dartnall (1953) not at 505 mu, but at some longer 
wave-length where it may be supposed the orange product does not absorb. 
If 530 my is chosen for coincidence, my points must be reduced in the ratio 7/8, 
so that the value of the maximum appears reduced by the orange product by 
this fraction. The true value then should be 0-078 x 8/7 =0-09. Here again it 
may well be doubted whether the orange product is without effect at 530 my, 
but we may at least accept the density of 0-09 arrived at by both these methods 
as a lower limit for the rhodopsin of the human retina in the region where the 
rods are most numerous. ; 1 

This figure, which represents 18°, absorption of the light falling on the 
retina, is higher than has been usually accepted and it lies near the safe upper 
limit of Hecht, Shlaer & Pirenne (1942). Before proceeding further we may 
review for a moment some errors to which the measurements are subject in 
order to see if any can account for too high a figure. : 

Acting in the reverse sense are the following possibilities: 

(a) The subjects may not have been fully dark-adapted, the initial measure- 
ments may themselves have produced a little bleaching, the main bleaching 
may not have been complete on account of regeneration, there did almost 
certainly remain a little orange product, and some dark regeneration of 
rhodopsin may have occurred before the final reading was taken. All these are 
small, all tend to make the figure higher and so will be neglected in forming the 
lower limit. 

(b) It is assumed that the comparison red beam is unaffected by bleaching 
and that the only pigment bleached is rhodopsin. If the rhodopsin were not 
quite transparent for the red beam used it would produce a small effect in the 
same sense as group (a), and there is no evidence here or elsewhere of bleaching 
producing substantial inorease in density in the red. It does not seem as 
though pigments other than rhodopsin and its photoproducts were involved, 
as was discussed in the previous paper. 

(c) Suppose that the light returning through the retina after diffuse reflexion 
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at the choroid took a scattered path, passing and re-passing the rods. Perhaps 


the density measured by this return beam might be much higher than the 
density for the ingoing beam, so that a false estimate of the latter would be 
obtained by halving the density measured in the double passage. It is not 
difficult to imagine that rays obliquely reflected at the choroid might return 
after multiple internal reflexions (or otherwise), and leave the retina by 
a rhodopsin path perhaps twice as great as the rod length. What is less easy to 
suppose is that after this erratic course any large proportion of rays would end 
by travelling in the vitreous directly away from the illuminated retinal area in 
the direction parallel to the incoming rays. But only such rays could pass the 
retinal stop (Rushton, 1956; S, Fig. 1, p. 15) and enter the photocell. It 
seems hardly likely that these oblique rays can constitute the chief part of the 
signal, since they would be outweighed by the better reflected and less absorbed 
light returning directly and more or less axially up the rods. Moreover, even if 
the rods were so formed that a large proportion of oblique light emerged as 
parallel rays in the virtreous, then it must follow that a fair proportion of 
parallel ingoing light would take the same oblique path on entering and so the 
difference in density for entering and emerging light would not be expected to 
be great. Finally the effect of molecular orientation must not be overlooked, 
for oblique rays lose through dichroism much of what they gain through 
increased length of path. For small obliquities the two factors exactly com- 
pensate, and a ray returning by multiple reflexions at even 45° to the rod axis 
would only achieve a 6% increase in rhodopsin absorption for all its 40% 
increase in path length. 

These expectations have been investigated experimentally by Lewis (1956) 
in the excised eyes of albino rats. The apparatus was similar to that used for 
human measurements, but the excised albino eye is so translucent that 
a photocell may also be placed behind the eye to measure the rhodopsin density 
by transmitted light. Wedge settings were obtained initially in the dark- 
adapted eye for both reflected and transmitted signals. Then, after bleaching, 
the two wedge settings were again read and the density change for the trans- 
mitted light was, asexpected, about half that forreflected light. Theactual ratio 
found was 0-54 +0-03 (n*=10), suggesting that the reflected light traversed 
rather less rhodopsin than that entering. 

_ None of the factors considered tend to lower the figure of 0-09 for human 

rhodopsin density (though most of them could raise it), nor is it easy to think 

of any factor which will. This figure therefore seems to be the irreducible 
PART 2. STRAY LIGHT 

In the preceding considerations it was assumed that all the light received by 

the photocell had passed twice through the retinal rods. If some light has m 

fact come from elsewhere, this will dilute the change measured, so the true 
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value of that change must be greater than what appeared. It is easy to obtain 
a mathematical expression for the magnitude of this effect. 

It will be remembered that the principle of the experimental measurements 
is to shine into the eye two lights in rapid succession. One is red and serves as 
an intensity standard; with the other, A, the actual measurement is made. The 
photocell outputs for the two lights are equated before and after bleaching by 
moving a neutral wedge placed in the path of one of the lights. It does not 
matter which path contains the wedge; in the actual apparatus it was the red 
path, but in the following argument it is more direct to consider the wedge to 
have been in path A, which would certainly have given the same results (with, 
of course, the opposite direction of wedge shift). We may thus simply con- 
sider that bleaching removes some pigment and thus increases the signal 
received by the photocell, and that the signal is returned to its former value 
by increasing the density of the wedge in the measuring beam. 

Let 1,=intensity of incident light (A) upon the fully bleached retina, 

I =intensity which gives the same photocell output in some partly 
bleached condition, 
W = wedge setting calibrated in density units and measured from fully 
bleached position, 
a=fraction of the light incident upon the eye which the photocell 
receives coming from the rods in the fully bleached state, 
aa = fraction received from the partly bleached rods, 
as = fraction received from every place except the rods; 
thus s=stray light expressed in units equal to the signal from the fully 
bleached rods, 
2p =rhodopsin density in rods for double passage 
= logit. 
Now in the fully bleached state light received by the photocell is 
(a+as) I. 
After some regeneration the balance is restored when 
(ax +as) I =(a+as) 


a+s _ 1 


From this equation it is easy to give to s values of 0, 0-2, 0-4, ..., 10 and in 

each case to work out the relation between W and a, or, making the substitu- 

tion 2p = —log,ga, the relation between the wedge reading W and the rhodopsin 

double density 2p. This relation is plotted in Fig. 1, whence it appears that if 

$ is at all large, our wedge reading (W) of 0-18 is associated with a very much 

higher value of 2p, the double density in the rods themselves. It thus becomes 
3 PHYSIO. CXXXIV 
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a matter of great importance to form some estimate of the actual magnitude 
of s, the stray light. 


02 04 of 10 


0 01 02 > 03 04 os 
p 
Fig. 1. Effect of stray light s upon the relation between wedge setting W, 
and true double density 2p. 
Categories of light received 


Light which reaches the photocell may be said to be of six classes: 

(a) Light from the rods; this is the signal. 

(6) Light from the room, etc.; this enters only as ‘noise’ and is almost 
entirely excluded by the phase-rectifier system. 

(c) Light scattered from the cornea and anterior part of the eye. 

(d) Light scattered from the retina anterior to the rods. 

(e) Light returned from the spaces between the rods and cones. 

(f) Light returned from the cones. 

Light passing only once through the rods and entering or returning outside 
them will produce nearly the same effect as half this light in (a) and half in 
(e) and (f). Such light is therefore considered as embraced in those categories 
and is not separately treated. Categories (c—/) constitute the stray light. Of 
these (c) alone can be directly measured. 

This was done by arranging the retinal image stop S, (Rushton, 1956, fig. 2, 
p. 16) so that instead of admitting light from the centre of the illuminated 
patch of retina it excluded this and accepted a neighbouring region just on the 
foveal side. Thus all the in-going light in front of the eye crossed the path of 
light from this dark patch of retina to the photocell, and scattered light would 
be received slightly better than in conditions where the signal was also 
received. On viewing the system from the position of the photocell a little light 
was now seen, probably scattered by the subject’s lens at the edge of the field, 
and the stop S, had to be moved in a little to exclude this. The signal which 


> 
010 
a 
ab 


mar o 


RHODOPSIN DENSITY IN HUMAN RODS 35 


now consisted only of scattered light was so small that all the six spectral 
bands had to be shone simultaneously to get a measurable figure. Stray light 
type (c) from one band was about 5% of the normal total signal. 

(d) In the discussion to their paper, Campbell & Rushton (1955, p. 144) 
conclude that where light falls upon the nerve fibres spreading out from the 
optic disk (10° nasal) the stray light dilutes the signal, so the wedge reading is 
half what it should be. If the signal can be halved there, it must be somewhat 
reduced everywhere. If we assume that 5% of the total light received at 
the photo-cell comes from this source, it still only means that a total of 
about 0-0005 of the light falling on the retina anterior to the rods is diffusely 
reflected in all directions. 

(e) Campbell & Rushton (1955, fig. 4, p. 142) plot for various points on the 
retina the relative rhodopsin density measured and the rod density as deter- 
mined by Osterberg (1935). The two relations were found to go hand in hand, 
but they certainly did not coincide on scaling. It was pointed out (p. 144) 
that only if the light were reflected as readily between the rods as through 
them would the curves be expected to coincide. The existing relation suggests 
that reflected light is brighter between the rods, which need not conflict with 
the observation of Schultze (1866) quoted earlier (p. 26) that transmitted light 
is brighter through them. For funnelling will clearly tend to concentrate light 
in one direction and to disperse it in the other. 

But if the deviation between Osterberg’s (1935) curve and our own is due to 
stray light, it might be possible to use the observed deviation to estimate this 
stray light, which is not easy to evaluate in any other way. We need to have 
information about the uniformity of the human rod outer segments in the 
region measured (5°-45° temporal). Mr E. H. Leach of Oxford has kindly made 
the necessary measurements for me upon human retinas which were normal in 
this region (e.g. removed after a perforating wound) and fixed in formol-saline 
or Bouin’s fluid. He found that there was no appreciable variation in the 
dimensions of the rod outer segments, either in diameter or length, over the 
entire region considered. Let us further suppose that the rhodopsin content is 
also uniform, and that the number/mm’ is given by Osterberg’s measurements. 
Then where rods are less crowded the interspaces will be larger and hence 
contribute a greater amount of stray light which will reduce the signal (as we 
found). There should in consequence be a fixed (but not linear) relation between 
the concentration of the rods and the density of rhodopsin as measured. This is 
shown in Fig. 2 where the former data have been replotted in a different way, 
so that the ordinates give the apparent rhodopsin density of all the retinal 
points we measured, but instead of plotting this against retinal eccentricity, it 
is plotted against the rod density found by Osterberg at this eccentricity. 
Between 15° and 20° the rods and the rhodopsin are maximal, and moving 


towards the fovea gives the relation shown by the circles in Fig. 2; — 


* 
x 
+ 
‘ 
; 
{ 
‘ 
a 
4 


36 W. A. H. RUSHTON 


peripherally gives the crosses. The assumptions which have been made require 
that circles and crosses lie on the same curve, and this is seen to be roughly the 
case. It has sometimes been thought, that the retina changes progressively 
from fovea to periphery. Fig. 2 supports Leach’s observation that such progres- 
sive change does not occur in rod structure over the range considered. 

If then we can accept (though insecurely) the assumptions as to uniformity 
and also that Fig. 2 expresses simply the effect of stray light in diluting the 
rhodopsin signal, we may deduce something about the factors involved. 
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Fig. 2. Apparent rhodopsin density of various regions of the retina plotted against rod density 
of the region. ©, regions less than 17° from the fovea; x, more than 17°. 


Let n=number of rods/mm*? as given by Osterberg’s count, 
N =number of rods whose total area is 1 mm’, 
n/N =proportion of retinal area occupied by rods, 
tn/N =total light from bleached rods, 
abn/N =total light from dark-adapted rods, 
Fee —n/N)=total light from interspaces (including cones), 
8B =average brightness of interspace in units of brightness of 
bleached rod, 
yb =total light from elsewhere. 


Then equation (1) may be rewritten replacing aa, the light received from the 
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unbleached rods, by abn/N and as, the stray light by Bb(1—n/N) +b giving 


n/N+B(1—n/N)+y 


l—« 


5-1) +yN/n 


We have estimated that yb is at least 10% of the total light received in the 
bleached state. Let us assume that this holds for all positions on the retina; thus 


10y=n/N +B(1—n/N)+y, 

0-9(1 —a) 

N 

The three constants in this equation relating n and W are so grouped that 
they constitute only the two parameters (1—«)/(1—8) and NB/(1—8); con- 
sequently if we introduce the condition that the curve must pass through the 
two black dots in Fig. 2 these parameters are determined and the curve shown 
results. This curve adequately describes the rather scattered experimental 


points, and we may turn to consider what value the constants must have 
consistent with these determined parameters. To do so let 8 assume values 


or 


(2) 


hence (3) 


TaBLe 1. Deduoced values of retinal quantities 


B 2-0 22. 24 2-6 2-8 3-0 3-2 3-4 
Nxi1o-* 1-32 1-44 1-54 1-63 1-70 1-77 1-82 1-87 
Rod fraction 1-17 1-07 100 «©6095 087 O84 06-82 


x 0-688 0625 0-562 0-500 0438 0375 O311 0-250 
008 O10 0125 0-150 0180 0214 0254 0300 
Light absorbed (%) 17 20 25 29 34 39 43 50 


2-0, 2-2, 2-4, ..., 3-4, and, for each, let us calculate the value of « from the first 
parameter and W from the second. The results are shown in Table 1. Now N is 
the number of rods whose total area is 1 mm*. The maximum number/mm* 
observed by Osterberg was 1:55 x 105, at about 17° from the fovea. The 
fraction of retina occupied by rods at this place is shown in the third row of 
Table 1 by dividing 1-55 by the second row. Since this fraction cannot be 
greater than unity, 8 cannot be less than 2-4 and the first two columns are 
inadmissible. 

From the values of « we can at once obtain p the density, and also the fraction 
of light absorbed (both on single passage), for 


2p = —log a, 
and the fraction absorbed =1—10-?=1—./«. (4) 
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Though these figures must be accepted with a good deal of caution, it seems 
safe to say that, in the region of maximum rod density, p cannot be less than 
0-12; and, even so, only in the condition that no light at all is reflected from the 
receptor layer of the retina except through the rods. This raises the question of 
reflexion from the cones. 

(f) The cones. As Denton & Pirenne (1954, p. 430) have pointed out, cones 
occupy about a quarter of the retinal area over most of the range we have been 
considering, so the contribution of light reflected from them becomes impor- 
tant. Clearly it must be small if the value of p is not to rise to an uncomfortable 
figure, but even if the 25% cone space only returned as much light as the 
5% rod interspace, this would raise the value of p to 0-15. 

We are now in @ position to consider the figure we obtain for the diameter of 
the rods. If we assume that in 1 mm? of retina 0-25 is occupied by cones and 
that the remaining space is completely occupied by the 155,000 rods found by 
Osterberg, then the average rod diameter would be 2-5 4 as Denton & Pirenne 
(1954) have already calculated. This is substantially larger than the diameter 
given by Polyak (1941) which varies between 1 and 2 p, and to accept even 2 pv 
would give a figure for stray light from the interspaces so large that it is outside 
the range given in Table 1. 

We are therefore led to the conclusion that the receiving area of the rods 
corresponds to a diameter of 2-5 yu, though the absorbing area (outer segments) 
is only about half this. Now Mr Leach has kindly made measurements upon 
human retinas expressly to examine this point. He finds (after correcting for 
fixation shrinkage) that the inner segments of fresh rods are 2-2-5 » in diameter, 
and that the outer segments are 1-4-1-7 x. So the receiving area appears to be 
the inner segment of the rod and the absorbing area is in fact half of this. If the 
light then is funnelled from inner to outer segments with no loss, the photo- 
sensitivity would be twice that expected. In the foregoing paper (Rushton, 
1956) the photosensitivity was measured: it was found to be about 1-7 that 
expected, and the present explanation was advanced to account for it. 


Conclusion 


The importance of estimating stray light despite the absence of direct — 


measurements has forced this rather speculative treatment. Throughout, it 
has been borne in mind that the figure for rhodopsin density which emerges is 
so high that everything should be done to keep it down. 

Light returning from places other than the receptor layer of the retina is 
- assumed to total only 10% of the received signal (itself only 0-00005 of the 
light falling upon the cornea), and in the receptor layer it is assumed that, at the 
place of maximum rod density, interspaces and cones together only return the 
light that a 5% of interspace alone would do. These assumptions seem close to 
the very minimum admissible for stray light, and it already leads to a density 
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8 value of 0-15, A considerably higher figure would fit all the evidence so far 
D considered, and with far less strain. But there are other considerations of quite 
e a different kind which do not encourage an estimate much higher than 0-15, and 
of these will now be discussed. 
8 
D PART 3. SOME LOWER ESTIMATES 
a There are two other ways of estimating the density of rhodopsin: one is by 
e extracting it and finding the density of the digitonin solution, the other is to 
e compare in shape the rhodopsin spectral extinction curve with the curve of 

scotopic sensitivity. 

y All the rhodopsin was extracted from a human eye by Koenig (1894) who 
e found the amount to be such that if spread in an even layer over the entire 
r | retina, the density would have the value 0-018. This has recently been repeated 
“ } under very good conditions by Crescitelli & Dartnall (1953) whose figure 
e expressed in the same way was 0-016. 

We now need to convert this into an estimate of the density in the outer 
is segment of the rod itself. According to the measurements of Mr Leach the 
:) average diameter of the rod outer segment is 1-1-5 u in a preparation shrunk 
n 20-30%. Thus the average area of an outer segment is 2 u*. The total number 
r of retinal rods is 120 million, hence their total area will be 240 mm?. Now the 
7 total retinal area over which Crescitelli & Dartnall spread their rhodopsin was 
e 900 mm*, so if they had spread it over 240 mm®* the density would have 
e amounted to 0-06. This figure does not take into account the orientation of the 
* rhodopsin molecules in the rods (Schmidt, 1937; Denton, 1954) which would be 
, expected to increase the probability of quanta being absorbed by a factor of 
t 3/2, as Hagins (1954) found to be the case, bringing the rhodopsin density in 

the rods to 0-09. This still lies considerably below the figure of 0-15 obtained in 
Part 2, but it is not easy to know how completely the entire rhodopsin content 
of the retina can be extracted. On the one hand, Crescitelli & Dartnall 
t certainly took great care to bring into solution all extractable rhodopsin, the 
': = digitonin solution when once formed is known to be very stable, and Arden’s 
8 (1954) results where digitonin was added to rod suspensions suggest that very 


little of the rhodopsin is destroyed in the process of extraction. On the other 
hand, Denton & Wyllie (1955) measured the rhodopsin density in the rods of 
the frog in situ using a photographic method, and found a value some 30% 
higher than that obtained by Wald (1938, bullfrog) and Dartnall (1953, Rana 
temporaria) in their extracts. And there seems to be the same order of 
discrepancy between the measurements in situ and by extraction in the case 
of the human eye here discussed. 
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We may conclude that the figures of Koenig and of Crescitelli & Dartnall are 
not incompatible with a rod density of 0-15 at maximum, but they do suggest 
that the density in situ is not likely to be very much higher. 


Scotopic sensitivity 

The estimated density of rhodopsin in the human rods at which we have 
arrived is not only somewhat higher than the figure usually accepted but it is 
higher even than the upper limit given by Hecht et al. (1942). It is therefore 
necessary to examine their reasoning which makes ingenious use of the following 
fact. If the density of a pigment is very low, each molecule has the same 
chance of absorbing a quantum and hence the absorption spectrum will 
coincide with the extinction spectrum. If, on the other hand, the density is 
considerable, the molecules deep in the solution will only receive light that has 
passed through a ‘coloured filter’ consisting of the more superficial part of the 
pigment solution. This will alter the shape of the absorption curve. The exact 
form of the curve may seamy be calculated for, if p is the density at any wave- 
length, then 1-107 


will be the relative absorption at that wave-length. The relation is plotted as 
a family of spectral curves for various maximum values of p in Hecht et al. 
(1942, p. 830) and Weale (1955, p. 235). 

Now it is generally held that the extinction curve of rhodopsin in the rods is 
the same as that in digitonin solution, and that the corrected curve for scotopic 
sensitivity represents the absorption curve of rhodopsin. Thus it should be 
possible by comparing these two curves to estimate the amount of self-screening 
and hence the corresponding rhodopsin density. Unfortunately the difference 
between extinction and absorption curves is very small (unless p > 0-4), so the 
method depends upon exactness in the assumptions and great accuracy in the 
measurements, Hecht et al. found no significant difference between the two 
curves, and judged the measurements good enough to have revealed one if the 
density had been as high as 0-1. Crescitelli & Dartnall (1953, Fig. 2) have 
reached the same conclusion based upon the better measurements which are 
now available. 

Stiles (1948) made a very careful comparison of the corrected scotopic 
sensitivity curve and the rhodopsin extinction curve (frog) and has drawn 
attention to the fact that they deviate in the direction opposite to that 
expected from self-screening. This is perhaps improved by using the extinction 
curve for human rhodopsin, but persists for wave-lengths longer than 550 my. 

Fig. 3 is a simple way to display the relation under discussion. Vertically 
there is plotted (on tracing paper) the corrected log scotopic sensitivity 
corresponding to various wave-lengths: for each of these ordinates the abscissa 
is log extinction for that wave-length. 


4 
+ 
4 
5, 
‘ 
’ 
« 
oa 


oo 


° 


® ® 


Bas & 


RHODOPSIN DENSITY IN HUMAN RODS 41 


Now we know only the relative extinction and absorption, so the set of 
points will not give the correct absolute values read against the fixed axes of 
Fig. 3 unless the tracing paper has been suitably displaced (without rotation). 
To find the correct position we note that the quantities plotted are (on our 
assumptions) log p and log (1—10-?) and hence must coincide with the 
mathematical curve shown in Fig. 3 which relates these quantities. The tracing 
paper can thus be moved parallel to itself until the points coincide with the 
curve, and we may then read off, corresponding to each point A, the density 
and absorption at this wave-length. 


TS 
— 

25 10 15 0 

Log density (p) 


Fig. 3. Log scotopic sensitivity plotted against log rhodopsin density for various wave-lengths. 
The curve shows for any pigment the relation between the density and the proportion of 
incident light absorbed. The points show the experimental results assuming that density is 
0-15 at A 500 my. 


The points in Fig. 3 are plotted from the following sources. The scotopic 
sensitivity is taken from Stiles (1948); it is a mean based on Wald’s (1945) 
values by a threshold method and Crawford’s (1949) values by a brightness- 
matching method. The measurements are expressed in quanta“ and corrected 
for pre-retinal absorption based on Ludvigh & McCarthy (1938) and upon 
Wald’s (1945) estimate of eye-lens absorption. The rhodopsin extinction 
figures were given me for the purpose by Dartnall. They referred to frog’s 
thodopsin in digitonin and have been converted into human figures by shifting 
5 mu towards the blue (at his suggestion). The figures fit exactly Wald & 
Brown’s (1953) published curve for cattle rhodopsin, in so far as this can be 
measured from the linear plot. 

Now what emerges from these results is that they fall close to the theoretical 
line but do not coincide with it, nor can they be made to coincide by any 
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movement of the tracing paper. It is largely a matter of taste where the ‘best’ 
position is, and that shown in Fig. 3 cannot obviously be rejected in favour of 
any other. This position corresponds to the density of 0-15 at 505 my which 
we have seen probably represents the actual rhodopsin density in the rods. 

Dartnall has made two contributions to the comparison of the sensitivity 
and the extinction curves. In the first with Goodeve (Dartnall & Goodeve, 
1937) he pointed out that energy should be expressed in quanta not ergs: this 
caused the maxima of the two curves to coincide exactly (but the lower part to 
diverge more). In the second with Crescitelli (Crescitelli & Dartnall, 1953) he 
pointed out that human rhodopsin had the maximum at 5 my shorter wave- 
length than frog’s which had formerly been used for the comparison. This has 
almost exactly restored the original relationship. 

The fact that the maximum is not quite the same for the two curves is most 
easily explained by assuming that the extinction curve of rhodopsin in the rods 
is not quite identical with that in digitonin extract as Denton & Wyllie’s in situ 
measurements suggest (1955, Fig. 1). A shift of this kind in the highly refractive 
rods is to be expected from physical theory. But if this is held, it becomes 
a very delicate matter to argue about rhodopsin density from the exact shape 
of the scotopic sensitivity curve. 

De Vries (1946) made an ingenious attempt to circumvent these difficulties 
in the following way. Since the absorption curve changes its shape with 
different densities, it follows that a blue-green and a yellow field which match 
at a high rhodopsin density level will not match if this is nearly all bleached. 
He therefore made the match in full dark-adaptation, and again as soon as 
scotopic vision was possible after complete bleaching. There was no detectable 
change in the match, and he concluded that there was less than a density of 
0-05 at maximum. 

But Campbell & Rushton (1955) found that the very bright lights needed to 
bleach away all the human rhodopsin left a period of 10 min or more (associated 
with a powerful after-image) before any scotopic vision was possible on the 
bleached spot. They also found that during this 10 min about 70% of the 
rhodopsin had regenerated. So de Vries was not distinguishing between the 
fully bleached and dark-adapted levels but between the 70% and the 100% 
regenerated levels, which for 0:15 maximum would hardly have been detectable. 


Conclusion 
The result of all these considerations is a somewhat uneasy compromise 
around a rod density of 0-15, for anything less is hard to reconcile with the 
retinal densitometer readings when corrected for a minimum of stray light, 
while anything more exaggerates the small discrepancies just reviewed. 
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PART 4, THE FRACTION OF INCIDENT LIGHT ABSORBED BY THE RODS 


In 1942 Hecht et al. opened a new and important chapter in visual physiology 
with their masterly paper on Energy, Quanta and Vision. They showed, and 
van der Velden (1944) independently confirmed, that only a few quanta need 
be absorbed to obtain a visual sensation in optimal conditions. Hecht and his 
colleagues used two very different methods to evaluate the exact number of 
quanta required. 

_ One was to argue from the random nature of quantum reactions and to 
deduce a verifiable relation between the number of quanta involved and the 
frequency of seeing. This has been developed in various directions by van der 
Velden, Bouman, Baumgardt, Pirenne and many others (see reviews by 
Weale, 1955; Pirenne, 1956). The difficulty in this line of approach is that some 
sort of assumption has to be made as to biological uniformity, neural organiza- 
tion, noise and significance levels, etc., which are not easy to substantiate 
independently. And in fact the various workers along these lines have reached 
figures varying between 2 and 8 for the minimum number of quanta required for 
vision. It is therefore satisfactory that there should be a totally independent 
way of arriving at the number of quanta absorbed. This is simply to measure 
the minimum visible light energy at the cornea and to estimate what fraction 
of it will be absorbed by the rods. It is assumed that in optimum conditions 
each quantum absorbed by rhodopsin contributes towards the visual act; 
though Hagins (1955) has suggested that half these quanta may be ineffective. 

The measurement of light at the cornea is straightforward in principle 
(however tiresome in practice): and Ludvigh & McCarthy’s (1938) figures for 
transmission loss through the eye will: certainly give a fair approximation for 
the energy reaching the retina. So all that remains in order to obtain the 
correct number of quanta absorbed is to know the fraction of incident light 
which is absorbed by the rods at the region where the light flash fell (20° 
temporal in the experiments of Hecht et al. 1942). 

If the density in the rods is 0-15 (A=505 my), then 30% of the quanta 
falling upon the rods will be absorbed in a single passage. But at the optimal 
region of the retina about 25% of the area is occupied by cones and about 5% 
by rod interspace, so the chance of a quantum falling upon the rods is 70%. 
Thus 20% of the light falling upon the retina or 10% of the light falling upon 
the cornea will be absorbed by retinal rhodopsin. This value is the same as that 
taken by Hecht ef al. as an upper limit, and by Denton & Pirenne (1954) as 


a likely estimate, and it leads to the numbers 5-14 as the minimum quantum 


threshold for vision, if all the absorbed quanta co-operate in the visual act. 
Now Weale has recently published a review (1955) based upon Crescitelli & 

Dartnall’s (1953) extraction of human rhodopsin but interpreted in such a way 

as to give a figure five times as small as that above. Upon this estimate he 
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places sufficient confidence to press it in the face of some rather weighty 
objections. To obtain his rhodopsin value Weale simply took the actual figure 
of Crescitelli & Dartnall (expressed as absorption in a layer spread evenly over 
the whole retina) and assumed that this without much correction represented 
the proportion of light absorbed when the rhodopsin was orientated and con- 
centrated in the rods at the optimum region of the retina, despite the fact that 
it led him to the value of one quantum as the threshold for vision. There are 
insuperable difficulties in accepting a single quantum for the threshold, as has 
been stressed by Baumgardt (1950) and Pirenne (1953). There is the same 
chance of one quantum being absorbed when a just-supra-threshold light is 
viewed for 0-1 sec as when a source 100 times as weak is viewed for 10 sec. So 
according to the one-quantum hypothesis these two lights should be equally 
visible: but everyone knows that the weaker light will not be seen. It is this 
and analogous spatial considerations which have made all the experimenters in 
this field agree that a one-quantum threshold is out of the question. We need 
not follow Weale further in his impossibly difficult task of reconciling the 
results of Hecht et al. with the assumption that only 3-5% of the light falling 
upon the retina was absorbed, for as has been seen this figure is neither neces- 
sary nor likely. If reasonable assumptions are made as to the distribution of 
rhodopsin in the retina, the careful measurements of Crescitelli & Dartnall will 
certainly yield Hecht’s 6 quanta and perhaps 10 is a more probable figure. 
Barlow (1956), in an important contribution to the subject, has worked out 
some consequences of the hypothesis (verified in the cat) that light flashes are 


appreciated not as a nerve discharge appearing in a silent arena, but by™ 


a modification in the impulse traffic entering a rather busy forum. The signal 
not only has to arrive but it has to be detected against a good deal of ‘random’ 
activity. His treatment, which is both theoretical and experimental, goes 
a long way towards explaining how the different quantum figures can be 
reached by different workers using various techniques of observation and 
(especially) various significance levels for the detection of flashes against 
background noise. Naturally the number of quanta required by this treat- 
ment is higher than that deduced from matching the frequency of seeing 
curves with some appropriate Poisson distribution, since ‘noise’ lowers the 
precision of detection and that reduces the steepness of the curve. The same 
result follows from several other factors which may complicate the interpreta- 
tion of frequency-of-seeing curves, as has been established by Pirenne & 
Marriott (1955). In all these cases the actual number of quanta absorbed 


must be greater than that expected from the simpler considerations. It is 


therefore satisfactory that the estimate of 5-14 quanta, which has been 
obtained in the present paper from density measurements in the living human 
eye, is able to meet the quantum requirements which have arisen from such 
a very different approach to visual function. 
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SUMMARY 


1. A minimal value for the density of rhodopsin in human rods at 20° from 
the fovea is 0-09. 


2. The inevitable presence of stray light reaching the measuring equipment 
from between the rods and elsewhere raises the figure to at least 0-15. 

3. Published estimates based upon human rhodopsin extraction or the 
comparison of rhodopsin extinction and scotopic visibility curves do not 


encourage a figure very much higher than 0-15. 

4. It is concluded that 10% green light entering the eye is absorbed by 
rhodopsin (20° parafoveal). And 5-14 quanta were absorbed in the threshold | 
measurements of Hecht et al. (1942). 
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_ PROPERTIES OF AN INFRA-RED RECEPTOR 


By T. H. BULLOCK anp F. P. J. DIECKE 
University of California, Los Angeles 
(Received 20 March 1956) 


The remarkable facial pits of pit vipers (Crotalidae) have long excited interest. 
Lynn (1931) discusses seven theories which have been proposed as to their 
functional meaning, and concludes that they are most likely mechanoreceptors 
specialized for the detection of ‘air vibrations’. Noble & Schmidt (1937) 
clearly showed by behavioural experiments that none of these theories is 
correct and instead that the pits ‘.. .serve to detect the body temperature of 
the snakes’ prey...’, but they further believed that the pits ‘...have the 
additional function of detecting air vibrations’. The essential demonstration 
was that snakes, with the other principal sense organs of the head non- 
functional, can still strike correctly at moving objects and can discriminate 
between warm and ‘cold’ (thermoneutral) ones so long as the pits are 
uncovered. They had no conception of the organ as a radiant heat detector, 
however, and described its sensitivity in terms of the reading of a mercury 
thermometer in the air at the position of the snake’s head. However, it seems 
indicated by their conditions that radiant energy was the effective stimulus. 
We have undertaken an analysis of those properties of the organ which can be 
revealed by recording the activity of its nerves. 

The thin membrane which is the innervated sensory surface (Pl. 1, fig. 1) 
may be regarded as a special case of a temperature detector (see Discussion 
for a defence of this view). Receptors for this modality are almost unknown 
physiologically except in man and cat and in the ampullae of Lorenzini of the 
ray. From this knowledge we have come to distinguish among temperature 
afferents, ‘cold’ and ‘warm’ fibres, i.e. those whose principal discharge is 
elicited by a lowering of temperature in the physiological range and those 
whose response is elicited by an increase of temperature in this range. In each 
of the two cases studied electrophysiologically (elasmobranch, Sand, 1938; 
Hensel, 1955: cat, see Hensel, 19526; Zotterman, 1953), there is a continual 
(‘spontaneous’ or ‘resting’) discharge in most of this range, which passes 
through a maximum at a certain temperature and declines at higher and lower 
maintained temperatures. 
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We may say that a temperature receptor, in the two species previously 
studied and in agreement with the present findings, has either or both of two 
features: a high coefficient of phasic discharge to temperature change or a high 
coefficient of tonic discharge to maintained temperatures. The former may 
be positive or negative, the latter is bound to have a reversal at a temperature 
of maximum discharge which may be high (warm fibres) or low (cold fibres) 
in the physiological range. Warm and cold units are hence sharply separated 
by their phasic properties while their tonic discharge, when specialized at all, 
distinguishes them only by the position of the temperature of maximum 
frequency along a continuous scale. 

We shall see that the nerves of the facial pit organ are composed of an 
essentially homogeneous population of warm fibres. This is a receptor type 
which in mammalian nerves is far scarcer than cold units and has been 
seldom recorded from; our electrophysiological knowledge of warm receptors 
is essentially based upon the report of Dodt & Zotterman (1952a). In the 
present case, the normal stimulus is chiefly radiant and not conducted heat 
and several anatomical peculiarities adapt it to a high sensitivity in terms 
of caloric flux. But it will be concluded, after detailed consideration of the 
alternatives, that this is superimposed on a basically temperature detecting 
receptor not necessarily different from those in mammals in the fundamental 
transducer mechanisms, though quite different quantitatively in several 
properties. 

Preliminary reports have appeared (Bullock & Cowles, 1952; Bullock & 
Faulstick, 1953; Bullock, 1953, 1954; Bullock, Cohen & Maynard, 1954). 


MATERIALS AND METHODS 


Most of the experiments were done upon specimens of Crotalus viridis, the Pacific rattlesnake, 
but a number of other species were occasionally used—C. ruber, C. mitchelli, C. cerastes, C. atroz, 
C. horridus, C. adamanteus and a few water moccasins, Agkistrodon piscivorus, which also belongs 
to the family. Crotalidae. No differences between the species were noted in the properties under 
study. The examples of Agkistrodon were notably difficult to paralyse suitably with curare, in 
contrast to Crotalus; large doses had no effect (approx. 1-4 mg/kg dimethyl-tubo rine chloride 
intramuscularly) and then suddenly killed. The pit membrane of these animals was invaded here 
and there by black pigmented areas, making more difficult direct microscopic viewing of the 
sensory surface, whereas in the species of Crotalus so examined the membrane was usually quite 
free of pigment. 

The animals used were chiefly 60-150 cm in snout-vent length, weighing 100-2200 g. They had 
usually been kept in the laboratory for some weeks and were acclimated to the temperature range, 
23-27° C. 

The snakes were satisfactorily paralysed with 0-4-0-6 mg/kg dimethyl-tub ine chloride 


(‘ Mecostrin’, Squibb), injected intramuscularly in one dose. The epaxial musoles respond first and 
the respiratory, abdominal and tongue muscles are more resistant. Respiratory movements are 
so infrequent and slow that observation of the outside of the body usually fails to confirm their 
presence, and we routinely watched the glottis, which remains closed most of the time but opens 
clearly during a breath. 
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The facial pit innervation has been described by Lynn (1931). There are three branches of the 
trigeminal nerve, the ophthalmic from which we have never recorded, the superficial and the deep 
branches of the supramaxillary division, both of which we have used but chiefly the former. These 
cutaneous sensory nerves supply little but the pit itself. The ophthalmic is small but the other two 
are large nerves containing together about 6000 fibres, mainly in the range of 5-8 u in diameter 
and virtually all myelinated. The anatomy will be described in a separate communication by 
Bullock and Fox. About 15-20 mm of the superficialis is readily exposed, tied, cut centrally and 
brought out by an exposure behind and below the eye. This leaves the region of the pit untouched 
so that circulation of the sense organ is intact. 

Many experiments were done with the whole nerve since the pit innervation overwhelmingly 
dominates it and its spontaneous activity, entirely attributable to the pit, is so clear. Especially 
clear is the cessation of this activity upon termination of an adequate stimulus. But the amplitude 
of activity is small in the whole nerve and quantitative comparison of responses is difficult. As has 
been found by others, dividing the nerve does not improve the situation until a very fine bundle 
containing 5~10 fibres is reached when the amplitude abruptly becomes much larger and the signal- 
to-noise ratio favourable. Further subdivision, by splitting the bundle, was usually done at the 
frayed, free, central end, and was continued until a functionally single-fibre or preferably two-fibre 
preparation was obtained. This type of dissection was done in a chamber consisting of a clear 
plastic box with glass floor against which the needles could be pushed without scratching, with 
a paraffin-sealed hole in one corner admitting the nerve, the whole mounted close against the 
snake's face, under a dissecting microscope and over a good light. The dissected bundle was lifted 
by forceps mounted on a rack and pinion movement into an oil layer floating on the physiological 
salt solution, which was composed of equal parts of frog and mammalian Ringer’s solutions 
(Prosser et al., 1950, tables 9 and 15). The forceps and a wire in the bath served as leads. Fibres 
lasting 30-120 min were obtained in a fair percentage of animals; occasional preparations lasted 
4-5 hr. 

While this was the most satisfactory method of preparation, two others were used at times. 
The fibres in the whole nerve trunk were penetrated by slowly advancing into it a glass micro- 
electrode of some fraction of a micron in tip diameter. Many definitely single units could be 
obtained in this way from each nerve but in our hands the longevity of each unit was from seconds 
to a few minutes. The pit membrane is only 10-15 » thick and consequently offers little shunt, so 
that we found rather better amplitude of spikes by picking up with a needle in the membrane 
than from the whole trunk. Uninsulated steel needles of about 3-7 » tip diameter were the most 
successful size. These, like larger needles, pop through the membrane at any insertion angle 
available without drastic surgery. Finer needles, including glass micropipettes, failed to enter the 
membrane, which is a tough, cuticle-covered, slack-suspended structure. The needles which 
penetrated often picked up nothing. When they showed activity it was always from many units, 
virtually as complex as whole trunk records. We conclude that the shaft of the needle picks up 
from nearby bundles of fibres but when not near a bundle is too large to detect activity of units. 

Nerve impulses were amplified and recorded with standard apparatus. Since most of the desired 
information depends on comparing the frequency of impulses at different moments, graphs of 
frequency against time were prepared. This was often done by measuring under the dissecting 
binocular the intervals between every spike and the next on the original film. In many cases this 
was done by a commercial data reduction firm using analog computing equipment. Log reciprocal 
interval was plotted to give a proportionate frequency ordinate. In some cases frequency fluctua- 
tions were smoothed by averaging every two intervals or counting the number of spikes in each 
0-1, 0-2, or 1-0 sec. For many experiments the integration was done by a simple RC cireuit and 
photographed during the experiment. This was most satisfactory when the amplified impulses 
were used to trigger a single-shot pulse generator giving uniform, controllable pulses without noise 
or base-line sway. By amplitude and frequency discrimination this triggering could selectively 
ignore electrocardiographic and other forms of noise. 


To circumvent the memory effect of integration and to record automatically the instantaneous 
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frequency as a function of time, a simple pulse-interval plotter (P.1.P.) was devised on principles 
similar to some cardiotachometers (Tiiteo, 1987; Whitehorn, Kaufman & Thomas, 1935; Djourno, 
1938; Johnsen, 1945). The nerve impulses appear as bright spots on the oscilloscope; the Y axis 
is swept at a selected speed between impulses, downwards from a base-line near the top of the 
screen. Each impulse brightens the manually darkened beam and then trips a flyback to restart 
the vertical sweep for the next interval. Thus each spot appears at a vertical position determined 
by the interval since the last impulse. The X axis is used as a time-base, provided by a slow sweep 
or by the film movement, as the P.1.P. plots continuously. The functional diagram of the circuit, 
for whose construction we are indebted to Mr Aaron Klain of this department, is given in 
Text-fig. 1. Various forms of radiant and conducted heat stimulators have been used and will be 
described in the appropriate section of the ‘ Results’. 
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Text-fig. 1. Functional diagram of pulse-interval plotter (P.1.P.). The spikes are selected from the 
noise level by the discriminator and then trip a monostable multivibrator (one-shot delay 
circuit). This produces a pulse fixed at 0-2 msec duration which brightens the beam for that 
period. The end of that pulse serves to trip the vertical sweep generator, returning the beam, 
now extinguished, to ite vertical base-line and the start of a new downward sweep which 
continues until the next nerve impulse intervenes. By crowding the ends of the ordinate 
scale, a ratio of maximum interval/minimum interval of 100, with useful resolution in the 
middle is provided. This range can be set by the sweep speed, e.g. at 1-100, expressed as 
frequency of impulses per second, or 3-300. The inset shows the vertical sweep with the 
beam not extinguished between impulses. 


Syndrome of oxygen lack. Occasionally the airway became plugged with mucus or the dose of 
curare was too great and ventilation ceased for some time. In other cases we have deliberately 
isolated the head or clamped the carotids to observe the effect of anoxia. In all these instances 
a characteristic pattern of activity appears after approximately 30-60 min. First the response to 
mild stimuli, which normally adapts in a few seconds, maintains itself and outlaste the stimulus 
far beyond a normal after-discharge. Later this becomes aggravated and the response actually 
builds up during some seconds under stimulation or even after ite cessation. Thus loss of the 
postexcitatory depression is a conspicuous feature. Gradually the hyperactivity becomes more 
pronounced until even in the absence of stimulation, periods of intense discharge develop rather 
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suddenly, last many seconds or a few minutes and slowly pass off. Although response is abnormally 
great, sensitivity falls drastically. The intervals between discharges become more silent and longer 
and finally neither spontaneous nor evoked activity occurs. This sequence takes 20-40 min or 
longer. Apart from this clear and easily recognized condition, we have observed no signs of 
abnormality, and the behaviour of the sense organ is the same under curare as in a spinal prepara- 
tion without anaesthetic. 


RESULTS 
The phenomenon of spontaneity and its nonrhythmicity 
During leading off from a whole nerve or a small bundle or the membrane 
itself, continual discharge in the absence of any intentional stimulation is the 
first prominent feature. However, not all fibres are continually active; it is 
not uncommon for a functional single unit preparation after some minutes 
suddenly to reveal a second spontaneous unit. In small bundles where only 
one or two fibres are discharging spontaneously, we have seen several times 
& new non-spontaneous unit enter with stimulation. There are, then, at least 
at any given moment, some units not firing spontaneously but, from the 


30 


Time (sec) 


Text-fig. 2. Spontaneous activity and a typical response in a single unit. The coarser, more 
scattered dots are recorded by the pulse interval plotter, each impulse appearing as a spot 
whose vertical position reflects the duration of the interval since the last impulse, i.e. every 
interval is separately plotted (ordinate on left expressed as fequency of spikes per second). 
The finer, leas scattered and generally lower dots are recorded through an integrator of — 
0-7 sec time constant, i.e. a moving average frequency is plotted (ordinate on right). The 
record shows the great scatter of intervals at low average frequency, i.e. non-rhythmicity. 
In addition, fluctuations in the smoothed frequency are seen of the order of seconds in duration 
Upon stimulation the prompt response is shown by the P.1.r. record, the integrator following 
with a lag. The rhythmicity becomes evident and the phenomenon of preferred intervals— 
three horizontal lines of dots. , 


scarcity of these two observations, they must be a minority. The spontaneous 
or room-temperature resting discharge is in most cases quite aperiodic (Text- 
fig. 2). The intervals between successive spikes in a single unit record vary 
between wide limits, e.g. 40 and 250 msec (Text-fig. 3), and no fundamental 
interval has been detected of which the rest could be simple multiples. 
Occasional units are more nearly rhythmic and this is always true when the 
average frequency rises, as under stimulation (Text-fig. 3, ef. Buller, Nicholls & 
Strém, 1953; Hagiwara, 1954; Tokizane & Eldred, 1956). De 
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Many times we have seen a curious feature during high frequency, rhythmic 
response under stimulation. This may be called the phenomenon of preferred 
frequencies. The scatter of intervals is not random but certain intervals 
besides the most frequent one tend to recur (Text-fig. 2). At first we thought 
these must be multiples of the shortest interval, i.e. skipped impulses. But 
closer examination shows that the preferred values may not bear a simple 
relation to the principal, which is always the shortest interval, the maximum 
frequency. For example in Text-fig. 2 the frequencies at the time marked 
7 sec on the abscissa are about 48 for the dominant and 33 for the second 
most common with a few spikes at intervals corresponding to a frequency of 
24/sec. This phenomenon has also been seen by C. von Euler & U. Soderberg 
(personal communication, 1956) in stretch receptors. 


#3.” 
60 
32 During stimulation at /=64 
50+ initial plateau 
40+ During stimulation at /=64 
> = ecen plateau (after first adaptation) 
During stimulation at /=8 
plateau (after first adaptation) 
20 
“4 background 
'S 
Z= 
40 20-25 30) 60 708090100 150 200 250 300 


. Interval between successive spikes (msec) 

Text-fig. 3. The number of intervals in each interval class in samples of 100 consecutive spikes 
from a single unit record, before stimulation and during plateau responses to three different 
intensities of stimulation. The classes are of proportionately the same width, being 10% above 
and below the mean interval. There is no obvious preferred interval. The distribution is wide 
on each side of the maximum for lower average frequencies and narrower, i.e. the unit 
becomes more rhythmic at higher average frequencies. 


What is the normal stimulus? 


Tests with different forms of stimulation. Ineffective forms of environmental 
change include sound, vibration of the substratum, a series of common odours, 
touching the head and face up to the margins of the pit (sometimes the upper 
lip immediately below the pit was sensitive to touch), and well heat-filtered 
light. Thermoneutral water in the pit, with or without salts or acid (5% acetic), 
is ineffective in exciting or depressing activity. This can be taken to mean that 
the cuticle is impermeable. 

Two general forms of stimuli are effective. The first is change in heat flux, 
whether the steady state of flux is in or out, and whether the change is an 
increase or a decrease. The second is mechanical deformation of the pit 
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membrane. The latter may be produced by contact, as with a wisp of cotton, 
or by air movement. Distinct puffs of air close to the face and from certain 
directions are necessary to elicit change in the spontaneous discharge; gentle 
waving of a thermoneutral object near the head is ineffective. A fine jet of 
air from a glass tube is effective in some positions and ineffective in others 

“adjacent, in a complex pattern. Some single units have been unaffected by 
camel-hair brush probing. Sometimes, when recording from a 3 steel needle 
penetrating the sensory membrane, we have been able to distort the membrane 
visibly by movements of the micromanipulator without any change in the 
level of spontaneous discharge. It seems doubtful whether detection of air 
movement or touch can be an important function of the organ. 

Adequate change in heat flux to increase or decrease the level of discharge 
noticeably is produced by warm or cold air currents very gently wafted toward 
the head, or by warm or cold radiation from objects, e.g. glasses of water, 
differing in their temperature as little as 1° C, if quickly substituted and held 
close to the pit, or by objects a few degrees warmer or cooler than the back- 
ground suddenly introduced at greater distances, e.g. a hand at 20-50 cm. 

That the latter stimuli are really radiant and not conducted via air tempera- 
ture is shown by simple tests. An emitter such as a hand or a lamp is ineffective 
in certain positions outside the cone of reception, even though close to the 
head and warming the air; a first surface mirror placed so as to reflect into the 
pit immediately makes the emitter effective. 

The intervening air temperature may be low or high or even changing, e.g. 
downward, without influencing the response to a warm or cold object; but 
without changing the air temperature we can abolish the stimulation simply 
by placing a glass plate in front of the object. The stimulating object 
does not have to be warm or cold relative to the snake’s body temperature 
but only relative to the surface temperature of the other objects in the 
background, 

Changing the body temperature without altering the field of view of the pit, 
for example, by immersing the body up to the neck in warm or cool water 
changes the level of maintained discharge in the same direction but with a low 
sensitivity, The latter is doubtless due to the relative slowness of the change 
(see below). A change of about 1° C in the temperature of tissue adjacent to 
the pit elicits a minimal detectable response in either whole nerve or single 
unit activity, when achieved by sudden immersion of the body. Presumably 
the sensory membrane changes temperature less than other tissues but its 
mass is too small to permit direct measurement. 

The directionality of the reception is marked. Moving a stimulating object 
within the receptive field causes clear alteration in the intensity of the response. 
If the object is small, e.g. a Nernst glower (an incandescent ribbon without 
glass envelope) the importance, in limiting the angle of reception, of the 
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shadows thrown by the margins of the pit upon the deeply situated membrane 
can easily be demonstrated. 

We had hoped to record from single fibres and at the same time determine the 
exact location and area of the receptive field in the sense organ using fine spots 
of light. In this we have been disappointed. Such focused spots are as 
stimulators quite ineffective owing to the severe filtering of long infrared rays 
by the glass of the lens system. 

The cone of reception for a given unit or a whole nerve is easily determined. 
The former is much smaller than the latter, and the latter is smaller than the 
sum of the cones of the two large nerves supplying the organ. The cone for the 
whole organ appears to coincide with that obtained by sighting with one eye 
into the pit and looking for the limiting angle where the pit margins permit an 
edge of the membrane to be seen. It has an irregular shape (Pl. 1, fig. 2) 
extending in the frontal plane about 10° across the middle in front and almost 
at right angles to the body laterally from the pit. In a vertical plane lying 
obliquely between transverse and long axes and passing through the pit, it 
extends forward only and from about 35° below to about 45° above the frontal 
plane, varying somewhat among individuals. 

It has been suggested (Block, 1950) that the adequate stimulus is deforma- 
tion of the membrane by expansion of gas in thei nner chamber. This sugges- 
tion was based on the remarkable similarity of the anatomy of the pit organ 
to a Golay radiometer, which absorbs radiant energy inside a chamber with 
a transparent window and measures the increased pressure due to warming of 
the gas. We have tested this hypothesis and believe it can be excluded. First, 
it is contrary to the Golay cell mechanism that individual unit receptors have 
quite different and sharply defined cones of reception. Secondly, the membrane 
is not extremely sensitive to pressure; sudden changes in barometric pressure 
in the room, as by opening the door, are quite ineffective, and even gentle air 
puffs are often ineffective in eliciting response. These events produce pressure 
changes of 1 part in a few hundred, or several mm of mercury (measured with 
a Statham gauge, P. 97). But a supraliminal, radiant stimulus which warmed 
the membrane 0-014° C (see below) could increase the product, pressure x 
volume, by a factor of only about 5 x 10- if air in the inner chamber were all 
heated to this degree. Finally the sensory membrane can be cut so as to open 
widely the inner chamber, yet responsiveness is still good. These considerations 
do not exclude the possibility that some Golay detector effect may operate at 
very high intensities; but from our experiments with flowing water, it may be 
said that temperature change alone, with mechanical movement greatly 
damped, appears adequate to account for the response. 

The purity of modality. The pit organ appears to be virtually pure in being 
composed of warm fibres only. We have seen no cold fibres in a rather large 
number of preparations. Touch reception has many times been shown to occur 
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in the same unit as warm reception and has never been seen by itself. Since 
the warm reception is the more specialized and sensitive, we may regard the 
touch stimulus as ‘inadequate’, i.e. incidental and not the normal mode of 
activation. This purity, in contrast to most of the organs of special sense, 
means the absence, apparently, of units with markedly different action spectra 
or with only on or off response or other essential subdivisions of the modality. 
Our information cannot yet exclude the possibility of significant differences 
in the temperature range or in the sensitivity of different units. In a number of 
cases we have seen smaller spikes, in a few-unit bundle, recover earlier, exhibit 
a shorter latency or lower threshold than large spikes. This recalls the kind of 
difference Katsuki, Yoshino & Chen (1950a, b) described in the lateral line and 
in other cases where thick fibres serve receptors of higher threshold, adaptation 
rate and maximum frequency, thinner fibres serving receptors of lower 
threshold, slower adaptation and low maximum frequency (see also Bullock, 
1953). 

The range of the action spectrum. It has been possible to obtain some informa- 
tion on the effective wave-lengths though not to plot quantitatively the response 
to different wave-lengths with equal energy doses or the doses required for equal 
response. The reasons for the difficulty of such quantitative determination will 
be clear in the sections below on fluctuation of background frequency and of 
response frequency under given conditions. With a rock salt infra-red mono- 
chromator and Nernst glower as source, strong response was obtained in the 
range 1-5-4-0u peak wave-length, while no response occurred at 1-0, doubtful 
responses at 5-7, and none at 10-0u. The source emits strongly at 2-04 and 
falls off steeply on either side so that the stimulus available at 104 was weak, 
but the absence of response at 1-0, is probably significant as the lower limit. 


By the use of heat filters which pass almost all the visible light (slightly greenish to the eye) and 
cut off more efficiently above 1-5 1, especially the Schott-Jena BG 21, quite strong beams of light 
are rendered completely ineffective, for example, a direct, focused beam from a B and L spherical 
microscope lamp at full iris with a 100 W bulb. A zirconium arc of 100 W with a glass condensing 
lens or stronger incandescent will still deliver some stimulus through such filters, indicating 
that although visible wave-lengths are probably quite ineffective the near infrared (0-7~1-0 4) is 
weakly effective. Inserting the Schott-Jena RG 7 (opaque to visible rays, but passing nearly all 
infrared) does not reduce the effectiveness of such beams noticeably, but a slight response when 
the filter is removed indicates that some visible or near infra-red is stimulating. 

Naked sources such as the Nernst glower or a match (with peaks at about 2-2-3 ,) are rendered 
completely ineffective by a filter of a few mm of glass, or of water in glass, which cut off energy 
longer than 1-5-2-6 so that these longer wave-lengths must be part of the action spectrum. 
Glass-enclosed sources such as incandescent lamps fitted with condensing lenses have already 
suffered virtually complete removal of energy longer than 2-6, but are still useful stimulators 
when sufficiently intense owing to radiation from the glass. 

By the use of filters, wave-lengths longer than 3 or 4 are almost impossible to deliver without 
contamination of energy at 2 to 3 pu. Our monochromator has too little energy in the long infra-red 
region for us to expec: stimulation. But the efficacy of such sources as the hand, small mammals 
and black bodies at 1° C above a neutral temperature is good evidence that wave-lengths at least 
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as long as 15 » must be effective, for these low temperature emitters have their peak in this region. 
It will be shown below that the calculated threshold flux from a rat is the same as or lower than 
that from a Nernst glower, whose peak of emission is at 2 y. 


It is reasonable to conclude that the action spectrum does not extend below 
1-5, at least not with a sensitivity above a small fraction of that at 24, and 
that it extends at least out to 15 where sensitivity is as great as at 2. 


What 1s the character of the response to step functions? 

From the information given in a later section, we can treat as step functions, 
i.e. stimuli effectively square in rate of application, any changes in heat flux 
which reach their new equilibrium in a few tenths of a second. This principally 
admits the use of common shutters and radiant sources, but certain forms of 
application of warm or cool fronts of flowing water probably satisfy this 
requirement. These latter will be cited here for two purposes: (1) to try to 
establish the actual temperature of the sensory membrane corresponding to 
a certain radiant stimulus; and (2) to extend to higher intensities the range of 
stimulus strengths readily applied. It is difficult to apply radiation sufficient to 
warm the membrane 5° C above room temperature: high Watt sources are 
necessary which are hard on diaphragms, shutters and accessories. 

The character of the response to step functions of short duration is shown in 
Text-figs. 2 and 6 for various intensities. We will consider briefly the principal 
or typical findings for nine aspects of this response. 

(1) The sensitivity in degrees and in calories. The threshold dose of radiant 
heat varies for different unit preparations and even for whole nerves by a factor 


of about ten. Among the more sensitive preparations the following measure- 
ments have been made. 


In records from a whole nerve, a Nernst glower elicited a response distinctly visible on the 
oscilloscope with a 0-1 sec exposure at 54 cm (flux =3-15 x 10~* cal/om*/sec) which means that 
approximately 10-* cal of energy of all wave-lengths emitted, including the visible, fell on the pit 
membrane (2 mm in diameter) or about 5 x 10~-?* cal on each 1600 p*, the approximate area within 
which the average fibre distributes its branches, including areas of overlap with other endings, 
according to silver-stained whole mounts (Bullock & Fox, unpubl.). If all this energy were absorbed 
and none reradiated, and if the membrane has the heat capcity of water, this quantity would raise 
the temperature of a membrane 15 p» thick by 0-02° C. in 0-1 sec. (We are indebted to Dr K. Buettner 
for the formula applicable to a thin membrane, assuming no loss to blood or to air: 


I 
AT = flux in cal/em*/sec x biol oF membrane incu 

But this figure must be (1) reduced because not all the enerzy is absorbed—the visible part is 
largely transmitted through the translucent membrane and even the long infrared is nearly half 
transmitted (Bullock & Fox, unpubl.); some is reflected. The value must (2) be further reduced 
because 0-1 sec is probably an unnecessarily long exposure; this correction may be only a factor 
of 2 or 3. And (3) the end-point of a clear increase in activity on the oscilloscope is not a sensitive 
one. While these three factors are difficult to estimate, we doubt whether they would decrease tlie 
figure by more than a factor of five to ten. On the other hand, the value may require correction 
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upward owing (1) to the membrane having a lesser heat capacity than water (leather and cellulose 
have specific heats of 0-3-0-4), and (2) to the heat flow through the membrane being slow enough 
for the first few ~ to be warmed to a higher temperature before conduction distributes the heat. 
This can be evaluated quantitatively by considering the transmission of effective wave-lengths, 
the time and thickness available. Calculations by Dr K. Buettner indicate that the correction is 
likely to be small. 

Single units have commonly given weak responses, evidently not far above threshold, to a 
microscope lamp, whose focused beam has been calibrated in total energy flux, reduced by 
diaphragm to deliver 10~* cal/mm*/0-1 sec, or about one-third the intensity used with the whole 
nerve just mentioned. This represents good agreement at the level of reproductibility of these 
preparations. The actual effective dose may be considerably less than that calibrated by total 
energy radiometry, since energy below 1-5, is so ineffective. 

For comparison we may calculate the flux from a physiological stimulus such as those Noble & 


_ Schmidt (1937) found pit vipers would strike at, under conditions presumably assuring that only 


the pits were responsible. A rat (or a human fist) of 5 cm radius and 50 cm from the pit, with 
a surface temperature 10° C above that of the snake will emit 
1B x 10> (Pat * or 1-3 10~ cal/cm*/sec. 

If 0-1 sec is enough to permit this detection and the area of the sensory membrane is 3 mm’, 
the stimulating dose is 4 x 10-* cal for the whole membrane or about 2 x 10~-™ cal for the area of 
branching of a single sensory fibre. This corresponds, on the previous assumptions, to warming the 
membrane by 0-001° C. This figure is more reliable than the preceding ones because it is subject 
to fewer corrections (essentially, only the duration of the exposure). The difference may be chiefly 
in the greater sensitivity of the snake’s brain in detecting a small increased discharge in each of 
many fibres. While we have not tried to check Noble & Schmidt’s results, it has been our routine 
to use the hand as a test stimulus and in the best cases we have been able to get back 40 cm from 
the organ. The minimum exposure has not been measured but is probably several tenths of a 
second so that a value not more than ten times the above can be considered as confirmed by our 
end-point, i.e. change in nerve discharge noticeable in loudspeaker or oscilloscope. 

Anticipating the discussion, it may be pointed out that as we approach the threshold, the 
end-point becomes increasingly unreliable, whether determined by eye on the oscilloscope or by 
ear using a monitoring loud-speaker (this is more sensitive) or by plotting every spike interval 
(least sensitive, Text-fig. 4) or integrating over some time. This is owing to the non-rhythmic 
spontaneous background. The criteria used—by us or by the snake—must be a compromise 
between reliability, sensitivity and latency or temporal resolution. Hence the figures above and 
those in the next section, based on minimum responses, are based on ‘conservative’ criteria, 
sacrificing the time and sensitivity factors for reliability. 

Another experiment was designed io estimate sensitivity in terms of temperature of the 
sensory membrane. This structure is too small, being 15, or less in thickness, to permit direct 
measurement of its temperature in air without serious heat flow from it into the sensing element. 
Radiometer measurement of its surface temperature is considered impracticable owing to the 
small differences expected between its temperature before and during weak stimulation and the 
small area and recessed location of the surface. The method used was to direct a gentle flow of 
water into the pit against the membrane and to warm or cool this water. If care is taken to have 
a moderate and uniform flow no stimulation persists from the mechanical stress. Without altering 
the flow the water could be heated by a coil, carrying electric current, placed in the stream close 
to the pit, For the present experiment, estimating threshold, the design was to provide as sharp 
a front of warm water as possible, with a minimum of mixing in the tube or in the pit. A thermo- 
couple junction was placed in the tube a few millimetres from its end and d.c. amplification used 
sufficient to display 0-1° C as a 4 cm deflexion on the cathode-ray tube. The time-constant of the 
thermocouple in water was less than 20 msec, permitting us to follow the temperature, as was 
required, within the latent period of 0-05-0-2 sec. i 
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The results, illustrated by the experiment of Text-fig. 4, indicate a threshold change in water 
temperature to be of the order of 0-003° C, measured after the discharge of the single fibre has 
increased more than 50% above the spontaneous level, which occurred in about 60 msec. These 
figures cannot be given great reliability because this sensitivity pushes to the limit the usefulness 
of the available temperature recording system and we are not sure of the form of the initial change 
in temperature. Because of the short time relative to the flow-rate and the volume of water in the 
pit, it may well be that the effective stimulus accounting for the observed response is much smaller 
than 0-003° C. We assume that the temperature of the sensory membrane follows that of the water 
without appreciable lag, but if this is incorrect the threshold AT’ is smaller still. From the results 
reported below, it is probable that the rate of change, 0-003° C/0-060 sec, is physiologically a step 
function, that is, the response occurring in less than several tenths of a second is not slope- 
determined but determined by the absolute amount of change which has taken place up to that 
moment minus the latent period. 

Another independent method confirms the results just given. It is shown below that at about 
100-200 times threshold some characteristic new features of response begin, for example high 
intensity block. These same features are seen with sharp warm-water fronts of about 0-5° C. 
Applying the above factor, we should expect threshold to be 0-003-0-005° C. The two figures 
involved in this method of estimation are not subject to large errors. - 


_ The warm-water front experiments therefore agree fairly closely with the 
calculated sensitivity to the radiation from a rat, by behavioural end-point, 
when the stimulus in each case is expressed as change in temperature of the 
membrane. The water estimate (0-003° C) falls in between the behavioural 
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Text-fig. 4. Sensitivity measured by change in temperature. Water flowing at constant rate over 
the pit membrane is electrically heated from a certain moment. Three different rates of 
temperature rise, estimated by reading thermocouple records at 0-3, 1-0 and 2-0 sec. Response 
measured as interval between successive spikes except at high frequency, when the average 
interval for two or three successive spikes is plotted. The upper, middle and lower hand 
drawn curves (circles, crosses and dota, respectively) correspond to the stimulus curves in 
the same relative positions. There is uncertainty in the position of zero time on the record, 
owing to the small thermocouple deflexion, of about 0-1 sec. Nevertheless, the response is 
very sbrupt and permits estimation of the AT’ approsching threshold. Ordinate at right 
in °C, | 


a a 


200 | 
= 
x 

= 

> 0-025 
4 10 
= 0 

| 


INF RA-RED RECEPTOR 59 


(0-001° C) and the figure calculated from the total radiant energy absorption 
with an incandescent stimulator, by oscilloscopic end-point (something less 
than 0-02° C). 

(2) The latency. Since the successive intervals between spontaneous impulses 
are widely fluctuating, within limits, it is rarely possible to interpret the first 
interval after application of a stimulus as indicating response, unless it is 
considerably shorter than the lower of those limits. But response builds up as 
a progressive shortening of interval over several hundredths or tenths of a 
second, so that the first interval is rarely very short. Moderately strong stimuli, 
however, commonly result in a significant departure from spontaneous fluctua- 


tion in the second or third interval. This means that latency is commonly as 
short as 50 msec (sum of first two intervals) and may be as short as 10 msec. 


It is seldom longer than 150 msec except during experimentally produced 
depressed states (see below) when values up to 1-0 sec are obtained. Latencies 
of the cold depression produced by the mild stimulus of cold radiation can 
ordinarily not be measured because silence supervenes immediately, but this 
means we can express the latency as less than the average interval in the 
preceding activity, which may be 20 msec or less. 

(3) The first phase of the warm burst and its frequency as a function of intensity. 
The initial increase in frequency of impulses rises to a rounded maximum in 
from 0-2 to 0-5 sec. With the rise in frequency the rhythmicity notably increases 
(Text-fig. 3). The maximum frequency attained is an almost straight-line 
function of the intensity of the stimulus, when plotted log-log (Text-fig. 5), but 
in ten preparations in different animals the slopes have varied from a 2-2 to 
a 4-5 times inerease in frequency for a tenfold increase in intensity. 

An important property determined by this slope is the useful range of 
intensities which the receptor can discriminate. In some units prepared this 
range was a8 small as 1:50, while in others no plateau at the high frequency end 
had become manifest at an intensity 256 times the minimum stimulus used, 
which was near threshold. The range is limited by the maximum frequency at 
which the unit will fire and this rarely exceeds 180 impulses/sec. 

(4) Cold inhibition and the importance of contrast. Objects cooler than some 
thermoneutral object produce transient inhibition of discharge, either a slight 
decline in average frequency or complete silence for some seconds, depending 
Gi. vhe difference in temperature. The threshold is something less than a 1° C 
difference for objects which nearly fill the field of view of the pit and appears 
to be about the same for warm objects. Thin-walled glass vessels filled with 
water at various temperatures and brought in front of the pit give this result 
and permit the calculation, on the same formula as that given above, that 

1-3 x 10-4 cal/om*/sec is the stimulating flux, or about ten times that from a 
tat at half @ metre. These values should be the same and our data do not 
exclude the possibility that objects 0-1° C different in temperature can be 
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detected by their radiation, but the difficulties of maintaining and reproducing 
surface temperatures at this level have not been overcome. 

These tests as well as others demonstrate another fundamental feature of 
such an organ. The thermoneutral object which causes no response is one whose 
surface temperature is the same as the average of the other objects in the field 
of view. In the laboratory, a piece of cardboard, wood or metal which is in 
equilibrium with the room temperature serves if the latter has not changed 
appreciably over some time. The thermoneutral object may be warmer or 
cooler than the animal and its sensory membrane. If the snake is in a cool 
water-bath but the dry pit is facing the room, an object warmer than the 
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Text-fig. 5. The change in frequency with intensity. Each curve is from a different preparation. 
The frequency is the maximum during the initial burst, averaged over several impulses or 
100 msec. The stimulus is an abruptly applied radiant one. The range of intensities over 
which response is measurable is usually less than 500: 1. 


animal’s tissues but cooler than the room inhibits nerve activity. There may 
be some question of the actual temperature of the membrane even though it is 
well vascularized, so the experiment can be done in the following way. An 
animal in equilibrium with room temperature faces a large warm plate and 
after some time a slightly less warm object is brought into the cone of reception. 
Inhibition results. It does not matter whether this is done promptly or a long 
time after the warm plate is introduced, except for the magnitude of the effect. 
The reciprocal is also true—facing a cool background, regardless of air tempera- 
ture, an object less cool but cooler than the animal will stimulate increased 
discharge, i.e. a ‘warm’ response. These relations are of course precisely what 
is expected of a radiant flux change detector. 
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These facts emphasize the importance of contrast. The convenient standard 
test object, the hand, is a very ineffective stimulus on warm days when the 
laboratory furniture is warm—even if the animal is cooled or for some time after 
the air is cooled by rapid air conditioning. It is a much more effective stimulus 
in the cold room, in spite of the somewhat lower skin temperature. Experi- 
mentally, in a certain whole nerve preparation the response to a hand at 20 cm 
in a room equilibrated to 21° C was about threshold. Wheeling the preparation 
and equipment into a cold room at 15°C nearly doubled this distance, to 
37 cm. There was no noticeable difference in threshold between the first 
moments when the snake’s body temperature was still warm and spontaneous 
activity still high (following adaptation from the initial cold background 
inhibition) and later when lowered body temperature and lowered spontaneous 
activity came about. 

The response to these teste requires us to modify the formula given in (1), above, to substitute 
for Meaning the average black body surface temperature of objects or 
radiant sources (e.g. blue sky) to which the receptors have been exposed even for a few seconds. 


Thus 
radi 
Cold stimulus intensity ~ 1-3 x 10-* x ~ Texter spe) * ( 


and 
radius of object\* 
Warm stimulus intensity =1-3 x object ~ * ( listance ‘ 
This gives the intensity in cal/om*/sec if radius and distance are in om, temperature in °C. It 
applies only under given conditions, for example, abrupt introduction of the new stimulating 
source and 0-5 sec exposure. 


(5) The phases of adaptation, fast and slow. Weak stimuli result in apparently 
complete adaptation in a few seconds (Text-fig. 6). It is quite possible that 
most normal stimuli in the life of the animal are in this category. If so, the 
range of intensities between threshold and the next category of response-type 
is hardly more than 1:10. 

Stimuli of about 10 to 30 times threshold or higher elicit longer lasting dis- 
charge. Here we enter a range of great variation, between preparations and 


even within a given unit. Typically there are two phases of adaptation (Text- 


fig. 7). An early one, which involves a fall in frequency of about 20-40%, 
occurs in a few seconds. But a rhythmic discharge at a high frequency 
(60-100/see), relative to the maximum the receptor is capable of initiating, is 
maintained for many seconds, up to several minutes. Then a second adaptation 
supervenes, sometimes starting rather abruptly but proceeding much more 
gradually than the early phase, and requiring 15-30 sec or more. 

Whether this adaptation is complete or not is often impossible to say for 


the frequency falls and the rhythmicity falls, making it difficult to validate 


differences in average frequency. As will be described more fully below, there 
are normally slow fluctuations in average frequency with periods of many 
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seconds. In order to compare the adapted level not only with the original 
spontaneous level of some minutes past but with that following the end of the 
long maintained stimulus, a further period of minutes must be recorded and 
all this is a race against death of the unit preparation, While in many cases 
studied it cannot be decided whether the slow adaptation to strong stimuli 
was complete, in some it appears virtually so, in others not quite. The 
significant fact is then clear, that even to strong stimuli adaptation, though 
delayed and then slow, is almost or quite complete. 


Text-fig. 6. Adaptation. Spike frequency in a single unit, as function of time, at different intensi- 
ties of radiant stimulation. See Text-fig. 2 for explanation of the record. Stimulation is 
shown by solid black line below, Integrator time constant, 2-5 sec. Note the early adaptation 
to a weak stimulus (top), the early partial adaptation and later plateau to stronger stimuli. 
Note the silent period after orr and following this for the strongest stimulus, a supernormal 
activity. For longer maintained stimuli, see Text-fig. 7. Time in seconds. 


It is shown by other experiments, e.g. in the cold room and with running 
water flushing the pit (Text-fig. 8 below) that stimuli strong enough to change 
the temperature of the membrane several degrees (2-5° C) will usually be 
associated with an altered level of activity having a positive but low tempera- 
ture coefficient. 

(6) Special forms of response to high intensity. Square-fronted radiant 
stimuli of about 100 to 200 times threshold or strong or sudden increases of 
about 0-5° C or more in the temperature of water running through the pit 
elicit a complex pattern of response. There is first a high-frequency burst rising 
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to nearly 200/sec. This burst is cut short abruptly by a phase of depression 
which may be partial or complete. The stronger the stimulus the earlier, the 
deeper and the shorter is this depression (Text-figs. 8, 9). We have seen com- 
plete silencing begin as late as 50 sec in some cases and in others so early that 
no initial burst but an initial silence inaugurates the response. It is in either 
case extremely abrupt in onset. The partial depressions of less extreme stimuli 
are gradual. During the silent periods test stimuli superimposed elicit no 


response (Text-fig. 10). 
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Text-fig. 7. Adaptation. Spike frequency in a single unit, on a compressed time scale, at different 
levels of abruptly applied and maintained radiant stimulation, showing quick and slow 
adaptation, respectively to weak and strong stimuli. The curves also show, after the stimulus 
is turned off, characteristic differences between the length of the postexcitatory depression 


y 


Time after OFF 


and the development of oscillating supernormal and subnormal recovery. 


After one-half up to 10 sec of silence—or after many seconds of partial 
depression—there typically follows a second more prolonged burst. This may 
come on gradually over a few seconds, rise to an even higher frequency than 
before and be maintained for many seconds. The stronger stimuli, however, are ma 
likely to produce a second silent period lasting this time for several to many 
minutes, This second heat depression also differs in another way from the first: 
if the stimulus is terminated during the second silence the latter continues for 
some minutes without response to the ‘ off’, and activity returns very gradually. 
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If the end of the stimulus occurs during the first silent period there is a brief, 
high-frequency ‘off’ burst, providing it is a silent period which came soon after 
the ‘on’ and was not allowed to last more than a second or so before the ‘off’ 
took place. 

‘Off’ bursts occur not only when the stimulus ends early in the first silent 
period but even when it ends during the initial burst (Text-fig. 9). Evidently 
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Text-fig. 8. The development of non-linear phases of response at increasing intensities of stimula- 
tion. Impulse frequency in @ single unit, as function of time, at different levels of slowly 
applied and maintained temperature increase, showing initial, secondary and tertiary high 
intensity bursts and initial and secondary high intensity depressions and slow adaptatiow. 
Flowing water method of stimulation. These phases occur at lower absolute A7”s when the 
change is more abrupt (see Text-fig. 10). 
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we can infer a depredsing process beginning very early and manifest even 
before it has cut off the initial burst. The depressing process falls rapidly 
whereas an excitatory process, manifested by the ‘off’ burst and an unusually 


long after-discharge, falls slowly. ‘Off’ bursts are longer the more recently § 
another stimulus took place and the earlier the ‘off’, i.e. the shorter thée™ 
stimulus. After the second depression has slowly passed off, if the stimulus is@ 
still on, a new plateau of activity considerably above the original spontaneous 
level typically takes its place. This lasts at least some minutes. Still later 


stages are described below as steady state temperature effects. 


The successive stages of the response to a strong stimulus are themselves 
variable and suggest simultaneous underlying processes which wax and wanei™ 
at different rates. But the complexity and the difficulty of describing them 


typical response in terms of average number of impulses per 0-1 or 1-0 sec oF 
some other period is increased by the common occurrence of intermittency— 
brief bursts or slower surges alternating with silence or low activity (Text 


fig. 9). These are irregular in duration and separation but usually those phases 


are of a few to several seconds and not greatly different from each other im 


length. They characteristically come on during the second high-frequency mm 


period but may even occur during the third, supposedly fully adapted period 


of activity. All these phenomena of intense stimulation are moderated oF 
prevented by increasing the intensity slowly (see below). 


(1) Off-phases : after-discharge and. flicker fusion. Following an abrupt ‘off 
there is typically an after-discharge if there has been rather strong activity up/™ 
to that moment (Text-fig. 10). Weaker discharges may terminate with them® 
stimulus, without after-discharge. After-discharges of from one to more than 
a hundred impulses, lasting up to 2 sec, have been recorded, but six to tenum 
impulses over a period of 50-800 msec would be typical of moderately strongy 
stimuli (i.e. not causing high intensity depression). A number of extensive 
tests have failed to show strong or very consistent effects of stimulus intensity @ 
or duration or duration of rest period since the preceding test. The trend is/@ 


usually for slightly longer after-discharge with strong, longer and more widely 
separated stimuli; but exceptions occur. 


It is chiefly after-discharge which limits the temporal resolution of theagiil 


receptors. Two flashes of radiation separated by 50 msec can hardly ever be 


resolved whereas a 75 msec separation generally can, at favourable intensity. 7 
Flickering stimuli of 1:1 dark to light ratio produce fused response at high @ 


intensity above about 6 or 8 c/s. At maximum flickering frequency, there may 
be only 1 or 2 spikes per cycle, owing to a prolonged latency. These measure- 


ments were made in the first few cycles as there is a lowering of fusion frequency 7 


with maintained flicker. Dark to light ratios other than 1:1 give lower fusion 
frequencies. At 4 c/s or lower there is a specially pronounced response to 
flicker due to the phenomenon next to be described. 
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(8) Off-phases: silence after excitation and vice versa. Postexcitatory depres- 
sion and postinhibitory excitation are highly characteristic sequelae of abrupt 
cessation of warm and cool stimuli respectively (Text-figs. 2 and 6~10). The 
sudden near-silencing following a very weak warm stimulus is generally a clearer 
sign that the intensity is above threshold than the initial frequency increase 
and accordingly is routinely used in testing sensitivity. The percentage change 
in frequency may of course be much higher for such an inhibition than for an 
increase of the same absolute number of impulses per second. Moderate and 
strong warm stimuli produce complete postexcitatory silencing. In general 
the stronger the stimulus the longer will the postexcitatory depression last. 
The range is from about 4 sec of only partial inhibition to 30 or more seconds 
of silence. 

Following weak stimuli and complete adaptation, the response and post- 
excitatory depression look like mirror images, as though a square wave were 
passing through a condenser. But this analogy breaks down for even moder- 
ately strong stimuli. If the ‘off’ occurs during a maintained higher-than- 
spontaneous discharge, the depression will be greater than a mirror image of 
the ‘on’ response, i.e. will be complete. It may last longer than the ‘on’ 
response if the stimulus was only about 1 sec. There may be none even after 
a strong stimulus if it is less than about half a second in duration. It often 


lasts longer after longer stimuli, within a range and providing the stimulus is — 


fairly strong, but is then typically cut short by the development of the super- 
normal period (see below). 

Excitability is decreased during postexcitatory depression (Text-fig. 10). 
The latency of response to a test stimulus is increased by a factor of 2 or less 
up to 10 or more, which is to say up to about 1 sec. Peak frequency is attained 
later (e.g. at 300-400 msec instead of 60-160 msec). After-discharge is shorter 
(e.g. 300-600 msec instead of 900-1000 msec in a certain case). The maximum 
frequency is lowered appreciably. 

When silencing occurs during a strong stimulus (see above), nothing 


happens at the ‘off’, unless the ‘off’ is early enough to result in a brief — 


‘ off-burst’. Sponsanenus activity may not return for several minutes. 
Strong test stimuli may show complete refractoriness for a part of this 
time (many seconds) and subnormal excitability for an additional frac- 
tion. 

After moderate or strong cold inhibition, a postinhibitory excitation may 
rise to very intense discharge. We have not seen it last longer than about 5 sec. 


This overshooting recovery is as conspicuous if the ‘off’ occurs following 
complete adaptation as it is when the ‘off’ occurs. during the cold inhibition— __ 


just as in the reciprocal case of postexcitatory depression. This description 
applies to abruptly terminated radiant stimuli; we have not studied these 
phases after warm- and cold-water stimuli. 
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(9) Off-phases: underdamped recovery. After moderately strong warm stimuli 
and the subsequent postexcitatory depression it is quite common to see a period 
of activity distinctly above the original spontaneous level (Text-figs. 6, 7, 9 
and 10). This period lasts for from 1 to 15 sec. Identical stimuli to the same 
single unit sometimes are followed by supernormality and sometimes are not. 
The factors which correlate with this variation have not been recognized, but 
may include the duration of the high-frequency response and time of onset of 
high-intensity depression, for the cases referred to involved strong stimuli and 
hence these labile phases. Under these conditions also we have seen the super- 
normal period interrupted by several brief silences, giving the same character 
to the activity as that we called bursting during high-intensity response. 
Generally supernormality gives way to a return to the original spontaneous 
level. However, there seems to be a tendency, manifest after strong stimuli 
of not too long nor too short duration, for a continued oscillation. Not 
uncommonly one sees an additional subnormal period which may be brief and 
slight or deep and prolonged for minutes. Occasionally a still later above- 
average discharge appears, lasting a number of seconds. These, however, are 
difficult to be certain of because the amplitude of the oscillation is declining 
and is now in the same range as spontaneous fluctuations often are. 


What is the effect of different steady-state temperatures? 

In view of the remarkably sensitive response of the cold and warm receptors 
of the cat’s tongue to steady-state temperatures, discovered by Zotterman and 
his colleagues (Hensel & Zotterman, 1951c-e; Dodt & Zotterman, 19522), and 
of the ampullae of Lorenzini of the elasomobranch, discovered by Hensel (1955), 
we have been at some pains to determine the behaviour of the present receptor 
in this respect. It has proved unexpectedly difficult because (1) adaptation 
takes many minutes to proceed as far as it is going to, after a change of several 
degrees C, (2) minute fluctuations in temperature during a supposedly steady 
state produce a marked effect, i.e. the sensitivity to changing temperature is 
much higher than to steady states, and (3) variation is great between one 
preparation and another in the response to apparently equivalent conditions 
of applying different steady-state temperatures. 

The principal result is that many units prepared can be altered five or more 
degrees on either side of room temperature without evoking a marked change 
in the level of maintained activity, after adaptation to the change has passed 
off. 

As a simple approximation, and with leads from the whole nerve, a snake 
can be immersed in ice water with only the head, nerve and recording electrodes 
in air (18° C), When we gently replace the ice water with water at 25°C, there 
must be a change of a few degrees in the temperature of the sensory membrane, 
since the circulation is intact. Yet the integrated activity of the nerve after 
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adaptation is only increased 2-3 db, or about equal to the adapting response 
to a weak radiant stimulus. The same has been found with cold and warm air 
baths, changing the rectal temperature between 24 and 18° C. 


In one series of measurements the integrated level of activity of the nerve trunk was recorded 
while the whole preparation was in an air bath and arranged to permit lifting it out into room 
temperature air without disturbing the relative position of nerve and electrodes. When the air 
bath was 4-6° C cooler than the room the spontaneous level, after adaptation, was only a few 
db below that at room temperature. In ten good trials it varied between 0 and 4 db. The time- 
course of the adaptation could be followed in this case; to be sensibly complete it required 3-8 min. 
When the air bath was 10-15° C cooler than the room the spontaneous activity was, as before, 
immediately silenced but now it never returned, at least during the periods of observation, 
10-25 min. 

Still another method used was that of flushing water through the pit in a continuous stream 
as described above, changing its temperature slowly. This method permits a better knowledge 
of the actual temperature of the sensory membrane. The latter must be virtually the same as the 
water in the pit since its heat capacity isso small. A change of 1° C/min or slower avoids prolonged 
silencing. An apparently steady-state discharge level is often achieved in 3-5 min after coming 
to a new temperature equilibrium, judged by the absence of further adaptation in frequency in 
several additional minutes. This steady-state discharge usually showed a small positive temperature 
coefficient in the range 18-27° C, i.e. from 6~-7° below to 2-3° above the room temperature to 
which the animals had been acclimated. The difference in adapted level is often so small as to be 
unreliable when the temperature difference is 1-3° C (a strong stimulus for the adapting fraction 
of this preparation and quite a reliable one for the maintained fraction in the thermal receptors 
of the cat’s tongue). 

Warming the flowing water by several degrees usually resulted in maintained lower frequency 
than that at room temperature. A strong decline was invariably observed at or above 30° C and 
higher temperatures depress more, with a steep function, e.g. 1° depressing by a factor of three or 
more. It seems likely that if the pit or the animals were kept at this temperature or even above 
30° C, which silences our preparations, and up to 38° or more after some hours, activity at some 
considerable level would return, since these are quite normal temperatures for such animals. 
Our single-fibre preparations were not sufficiently long-lived for us to undertake such experiments ; 
but in one few-unit preparation activity several times returned to nearly room temperature level 
following a change of 10~11° C (i.e. to 35-36° C) in 10-23 min. Similarly, our preparations, cooled 
below some point which varied between 17 and 24° C, were depressed. Near-silencing was in one 
case associated with 18° C, in another unit with 12° C, to give the limits observed. 

Between heat depression and cold depression the curve of frequency against temperature may 
be nearly flat (17-29° C) or may show a peak at or slightly below or slightly above room tempera- 
ture. Because of the slow fluctuations in frequency and the possibility of small fast fluctuations 
in water temperature, the single points on these curves cannot be regarded as accurate. However, 
the fact that impulse frequency does not rise greatly above that near room temperature in one 
preparation after another, each tested at several points, can hardly be due to any combination of 
these factors. Likewise it is safe to say that there is not a frequency highly characteristic of each 
temperature within a range, but only very roughly so, for the slow fluctuations at any given 
temperature are commonly a factor of two or three. 

Sporadic sharp bursts and silent periods or slower surges and ebbs are common with temperatures 
1° or more above room temperature. They may persist for many minutes but usually they gradually 
subside. Occasionally we have encountered bursting or surging during partially depressed low 
temperature states (e.g. at 15° C). Since the same can happen at any of the higher temperatures, 
both in those producing depressed and in those producing relatively high-frequency activity, we 
may conclude that such sporadic intermittency is not the result of firing at close to a limiting 
frequency. The average frequency over several cycles of burst and silence is not significantly 
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different from that before or following this phase in most cases. This means the frequency during 
the burst is markedly higher than it is with a more normal distribution of impulses; we are not 
faced with an intermittent failure alone but a regrouping of impulses. This is not seen at room 
temperature or in long adapted states, but is common at higher temperatures producing virtually 
the same adapted frequency. It may be associated with experiments involving more rapidly 
changed temperatures, the intermittency being elicited by the short stimulus of the change and 
not passing off as rapidly as the average frequency comes to its adapted level. However, we are 
not at all satisfied with this as an explanation of the phenomenon and are at a loss for further 
suggestions. 

Long maintained high intensity radiant stimulation of energy sufficient to heat the membrane 
several degrees gives similar results. Here it is even easier to see the narrow range in which steady- 
state response occurs, with adaptation times of 5—10 min. In a certain experiment, for example, 
an intensity of 16 (16 times that which produced a weak but clear adapting response) gave an 
adapted level of approximately twice the frequency of the spontaneous activity before stimulating ; 
but intensity 8 was not followed by a reliable steady-state change and already at intensity 64 
there was silencing for many minutes, Longer adaptation would doubtless extend the intensity 
range to which steady discharge can respond. 


What is the effect of varying the rate of change? L- 

Since the response to different steady-state temperatures and to virtually 
square-fronted temperature steps is so vastly different, it becomes significant 
to know the approximate temporal limits separating the two. Accordingly, 
we have in several experiments estimated the slowest rate of change which is 
just equal in stimulating efficacy to a square-fronted step of the same height 
and the fastest rate of change which is physiologically nearly equal to an 
infinitely slow one. These values would give us the range within which the 
receptor is influenced by rate of change. The second value is much more 
difficult to obtain and our results are little more than estimates. 

By opening a diaphragm at different rates a certain form of gradually 
increasing radiant stimulus has been delivered. Our method of doing this has 
not achieved a simple relation between intensity and time but one which is 
between a linear and a logarithmic form. In view of the results it seems doubt- 
ful whether this seriously influenced the values obtained. 

The rise time which is effectively as good as square for moderate intensities 
is long relative to the latent period, e.g. more than 150 msec but less than 
500 msec in a typical case giving 57-70 impulses/sec. For all slopes, therefore, 
within the range of slope effect, the momentary frequency is ‘up to date’, i.e. 
is determined by events virtually up to that moment. However, except for 
strong stimuli and steep slopes, the poor rhythmicity or scatter of impulse 
intervals is still so pronounced as to require integration over some time in order 
to obtain smooth enough curves to compare slopes. This means the smoothed 
curve is far from up to date and is quite dependent on the form of the slope. This, 
combined with the variability between unit preparations, the limited life of each 
unit, the long rest periods demanded after strong response and the unreliability 
of determinations of weak response owing to spontaneous fluctuations, 
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have prevented the plotting of these relations from a series of strictly com- 
parable points. The curves shown in Text-fig. 11 are constructed from points 
obtained on different preparations, with some selection in order to avoid 
inconsistency (e.g. with the rules that higher intensity and higher slope elicit 
higher frequency). They are thus semidiagrammatic and may be quite dis- 
torted relative to a given or even an average unit. It is especially difficult to 
determine the threshold slope and with our apparatus it has been beyond the 
range of controlled radiant stimuli. We have used the flowing water stimulus, 
with slow heating. But we are not able to equate this with the radiation 
intensity within a factor of several times at low rates of rise. 

Text-fig. 11A shows the slope-response curve as a function of intensity. 
Along the left side of the figure the gently rising line expresses the low 
sensitivity to steady-state temperature. The rising response to steeper slopes 
and higher intensities is cut off by the high intensity depression. 

From the same data we can plot Text-fig. 11 B to show the change in the 
frequency-slope curve as a function of duration of stimulus up to the moment 
when the frequency is read. At short durations the whole curve lies to the 
right because only low intensities have been reached. At longer durations the 
steeper slopes pass the point of depression and then of heat death progressively 
sooner and the cut-off point moves to the left. For the first few tenths of a 
second it rises to higher maximum frequencies and thereafter tends to maintain 
these at progressively smaller slopes but with disproportionally long durations. 

These curves show that the receptor is not acting as a rate of change detector 
but as an intensity detector with adaptation and that the adaptation, or the 
two or more separate kinds and rates of adaptation, embrace a time scale from 
seconds to minutes. If the receptor were a rate of rise detector, Text-fig. 11 
would not show rising maximum frequencies for a given slope as the intensity 
increases and as duration increases, short of the depression point. However, 
the receptor signals information adequate to measure slope if the receiver can 
integrate the time-course of frequency change and knows the relation built 
into the receptor between frequency and intensity and the time-course of 
adaptation. Because of the fluctuation in response to a given condition and 
the requirement of averaging widely varying impulse intervals, each additional! 
computation increases the crudeness of the measurement so that we may 
suggest that this organ is not important in—or at least is not well adapted 
for—estimation of rate of change of stimuli. 

The rate of change does nevertheless determine several Sentai of response. 
Sensitivity is at least several hundred times greater for a rapidly changing than 
for a slowly changing temperature, the AJ necessary for a 50% increase in 
frequency being approximately 0-003° C (in 0-05-0-1 sec) and 3° C (in many 
minutes) in the two cases. These figures expressed in Q,, values are approx!- 
mately 4 and 10”, respectively. Variation among our experiments in both cases 
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Text-fig. 11. Effect of rate of rise as function of intensity and of duration of rise. A: response 


frequency as function of rate of rise of stimulus at different final intensities. No single 
experiment gave enough points for the whole family of curves. They are therefore semi- 
diagrammatic and absolute values are subject to considerable variation. The response at 
high intensity, especially in the region of low rates of rise, is often erratic, fluctuating between 
high-frequency bursts and silence. The normal fluctuation of spontaneous level is not 
indicated. Note that the range of slopes which is discriminated at the respective intensities 
is narrow and overlaps with the latent period at other intensities or with the silence of high- 
intensity depression. This means the organ is a poor transducer for rate of change. Frequency 
bears a complex relation to the intensity. The small numbers inside the graph give the dura- 
tion of the slowly rising stimulus at that slope and intensity. The frequency plotted is that 
0-1 see after the given intensity was attained and maintained because, if frequency had been 
plotted at the moment the given intensity was reached, much of the graph would be missing, 
owing to latency. B: response frequency as function of rate of rise of stimulus at different 
durations of rise. Semidiagrammatic, as in A. Note the decrease in the critical slope for high 
intensity depression as longer durations are employed and the similar decrease in threshold 
slope, at least for the shorter durations. The just effectively square stimulus at each given 
duration appears to recede to smaller slopes at higher durations. The limits of the slower 
forms of adaptation are shown in these two graphs by the points of inflexion on the left and 
the declining maximum frequencies at the higher intensities and durations. 
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is great but would hardly alter this great difference at all. In contrast to 
threshold sensitivity the discrimination, defined as sensitivity to change above 
threshold (F,+F,/AT,+AT,) is not noticeably different and is small in both 
cases, values commonly being between 0-3 and 0-7. Rate of rise of stimulus 
determines a large difference in the useful range defined as the change in 
temperature producing the maximum response: this is small for sudden 
changes, even 0-5° C being likely to block, while for slow enough changes it is 
our presumption (not tested) that the organ is functional at least over the 
20° range from 18 to 38° C. Resolution, defined as range divided by threshold 
to change, is a few hundred for steep and ten or thereabouts for slow stimuli. 
The receptor is capable of four or five times higher maximum frequency of 
discharge for sudden changes than for steady states. Finally, we may 
recognize symmetry or skewness in the curve of response against stimulus 
intensity; steady states depress at high and at low temperatures without pro- 
nounced asymmetry but abrupt stimuli sharply cut off response at some 
intensity which lies just above that for maximum response. 


The fluctuations in frequency under gwen conditions 

The so-called spontaneous activity, as well as that adapted for some minutes 
to a maintained stimulus, is characterized not only by non-rhythmic discharge 
of units but by fluctuations in average frequency even when integrated over 
fifty or a hundred impulses, i.e. several seconds. Single unit activity recorded 
with an integrator of about 3 sec time-constant shows slow shifts in level with 
durations exceeding 20 sec and excursions representing twofold changes in 
average frequency. Shorter term fluctuations are, of course, smoothed by such 
an integrator, but they show nevertheless because their amplitude is so great. 
Faithful recording of every interval reveals a range of from 10:1 to 25:1 at 
room temperature. The range of 2:1 for 3 sec smoothing is often exceeded; 
high intensity stimulation frequently brings on a state of ‘surging’ or slow 
alternation between high and low average frequency. Records of activity in 
whole nerve trunks also show these fluctuations even though the large number 
of units contributing to the record are presumably not synchronized and 
therefore should tend to smooth out individual fluctuation. The amplitude of 
fluctuation in whole trunks is notably less, so that the assumption of non- 
synchrony, even of slow fluctuations, is probably correct. Records from small 
bundles with two or three active fibres directly confirm that the slow fluctua- 
tions in average frequency are not in phase in separate units. The fluctuations 
are probably not attributable to environmental stimulation; they occur when 
the pit is screened from the room or filled with standing water. The room 
temperature is not changing sufficiently in magnitude or rate to produce such 
frequency changes. The animal is typically lying quietly, although capable of 
some tail and peristaltic movements, breathing regularly, with circulation 
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intact, a minor skin wound and no stimulation via eyes or other channels which 
would cause an uncurarized crotalid of these species to struggle. Presumably, 
then, the fluctuating activity inheres in the receptor. 


DISCUSSION 

We have here initiation of nerve impulses in free endings strongly reminiscent 
of dendrites (Bullock & Fox, unpublished; Bullock, 1953). It has not been 
possible to record prepotentials with steel needles in the sensory membrane and 
fine glass micropipettes have not been successfully inserted. We have nothing 
therefore to say on the intimate mechanism of the resting discharge. This is 
unusually non-rhythmic and strongly suggests independent loci of initiation of 
activity in the terminal expansions. Further speculation must be deferred. 

It is of course tantalizing to consider the mechanism of such extremely high 
sensitivity. We will discuss one aspect of this, narrowing the problem but 
without any suggestions on cellular mechanism. Then some comment will be 
directed to the central consequences of the irregular background discharge. 
Finally, an evaluation of the facial pit organ and its function, first for its 
owner and then in comparison with some other receptors, will be attempted. 


Is the reception wave-length specific or proportional to heating? 

The question cannot yet be answered unequivocally whether the receptors 
of the pit organ are normally stimulated, like the eye, by certain wave-lengths 
of all those absorbed, or, like temperature receptors, by all wave-lengths in the 
proportion with which they heat the tissue. The former, amounting to photo- 
chemistry in the long infrared region, is very unlikely since there are apparently 
no known photochemical reactions and each photon is of very low energy in 
the region of principal emission of physiological stimuli (10-201 wave-length). 
Photoelectric and photoconductive effects are unlikely on the basis of present 
knowledge of their requirements. 

In order to permit the first alternative it would be necessary to show that 


_ the action spectrum agrees with, or is contained in, the absorption spectrum 


of the receptor. We have the transmission spectrum of the whole membrane 
and some approximation of the action spectrum. However, these are inadequate 
for decisive comparison because of the probability of a difference between the 
absorption spectrum of the receptor and that of the whole membrane and 
because of the difference between the absorption spectrum of the membrane 
and a transmission spectrum. Reflexion from the shiny, undulating surface of 
the cuticlemay bea significant loss. The only considerable disagreement between 
our response and transmission measurements is in the visible light region where 
there is a large (50%) apparent absorption but little or no sensitivity. This 
discrepancy may be due to reflexion and scatter. 
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Temperature reception is not only more likely for these reasons but also 
because of the agreement between the calculated temperature rise with 
threshold infra-red stimulation, assuming all the flux is absorbed and effective, 
and the observed threshold under stimulation with water at known temperature. 
Such agreement could not be expected if the effective wave-lengths were the 
short infrared wave-lengths known to be photochemically active, for these 
constitute a small fraction of the flux from a low temperature emitter. 
Tentatively we conclude that the pit organ receptors are specialized for 
responding to temperature change of the tissue of the pit membrane. 


The problem of fluctuating spontaneity and central 
recognition of real signals | 

Spontaneous activity may be advantageous in providing for high sensitivity 
and also for signalling in one line both positive and negative changes in the 
stimulating parameter. But it raises a serious problem in any case like the 
present one where rhythmicity is not perfect. This is: what change in the output 
of the sensory nerve fibre constitutes a signal of environmental change? The 
frequency of nerve impulses in each fibre varies widely under steady-state 
conditions even when smoothed by averaging several dozen successive intervals. 
These spontaneous fluctuations must decrease sensitivity, since that is deter- 
mined by the smallest significant alteration in the output, and also must 
decrease the temporal resolution of the central nervous system since that 


organ has to integrate activity over some period in order to gain any reason- 


able sensitivity. Bullock (1956) has discussed this problem and formulated 
some of the alternative ways of analysing the signals from a single receptor 
unit to obtain the most information. He concludes that the central nervous 
system could analyse signals such as reported here in any of several ways, but 
that there will not be the maximum combination of sensitivity and temporal 
resolution (reaction time, flicker resolution, brief stimulus detection) unless 
the analysis incorporates the following features. It must do something equiva- 
lent to integrating the frequency over some short time just past, subtracting 
some fixed value of optimal magnitude, comparing the result with a similar 
value obtained with integration over a longer time (background frequency), 
then multiplying this ratio by an averaged rate of change of this ratio over 
some intermediate time just past. The value so obtained will be very low for 
spontaneous fluctuations in background frequency and high for true signals 
of stimulation. A less processed analysis will give a poorer discrimination, 
sacrificing one of the parameters listed. 

Possibly still more important as a mechanism for gaining reliability from 
noisy signals like these is the summing of activity in independent input 
channels, i.e. afferent fibres. This probably occurs as an important normal 
mechanism and permits the central nervous system to demand a very high 
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level of significance. Hardy & Oppel (1938), for example, plot a curve for 
warm sensation in man, showing that the threshold stimulus decreases up to 
threefold for a tenfold inerease in the area of skin stimulated and more than 
100-fold from minimal to maximal area. Presumably the signals in each 
afferent fibre were independent of the others and of the areas stimulated 
beyond its own terminal ramifications, so that only an increased number of 
channels could account for the effect. The summation effect is curious for it is 
steep in the range (1 to 40 em? of forehead) estimated to contain tens of warm 
spots, and, on the ordinate, in a region of stimulus strength which must be 
eliciting highly reliable signals in each unit. Evidently for the level of conscious 
sensation a few quite strongly firing receptors are not sufficient to reach 
threshold (cf. Kondo, 1955). Either an increase in number of units or more 


intense firing is necessary. Similar results have been reported, among others, 


by Wright (1951). 

It seems likely that something similar happens in the snake. Because of the 
small size of the sense organ and the fact that the normal stimulus is radiant, 
most stimuli will impinge upon at least a sizeable fraction of the sensory 
membrane. Elsewhere, Bullock & Fox (unpublished) have estimated that there 
are between 500 and 1500 warm fibres ending per square millimetre so that 
most stimuli will affect a large number of afferent channels at once and thus 
operate in the range of maximum sensitivity of the central organ. The whole 
pit organ, with about 3500 endings in 3-4 mm* gives more scope for summation 
than the whole forehead of man, with about 200-400 warm spots in 20,000 mm? 
if we take as an approximation the figures of Bazett (1949). This is the area 
which Hardy & Oppel (1937) found to have a threshold virtually as low as total 
body irradiation. 

The problem of extracting reliable information from a continuously active 
background of widely fluctuating impulse intervals may be exaggerated in the 
present case, but it seems likely that it is quite a general physiological problem. 
Spontaneous activity has emerged in recent years as a feature of many sense 
organs as it did 25 years ago in the central nervous system. Even in the best 
cases of rhythmicity, the constancy of successive intervals is relative and small 
signals look much like noise. 


An evaluation of the facial pit and its function 

The facial pit of the pit vipers is remarkably adapted for the reception of 
heat radiation. In nature there is a dichotomy: most of the radiation emitted 
is either from a very high temperature source end therefore lies in the visible 
part of the spectrum or is from ordinary low temperature objects (<40° C) 
with a peak at 10-20 in the long infra-red region ; there is little to detect in 
between. Because of the quantal nature of sensory detection devices (inde- 
pendent receptor units), an adequate stimulus must impinge on the minute 
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area innervated by each afferent fibre, much less than a square millimetre. 
This means that the normal dose available is a very small quantity of energy 
(flux is energy/cm?*/sec, threshold dose is energy/physiological unit within a 
required time shorter than the latent period). 

Apparently no mechanism has been found to utilize these low doses in the 
way the eye does, by specific photochemical reactions, and a perhaps pre- 
existing temperature sensibility had to be utilized. Looking for such a general 
cutaneous temperature sensibility, we have recorded from nerves of the belly 
skin of the same snakes, the nerve homologous to that of the facial pit in 
non-crotalid snakes (Pituophis catenifer, the gopher snake) and in skin nerves 
of frogs. In no case have we seen any response to warming and only a transient 
burst to strong cooling (several degrees) which could be coming from tactile 
fibres (Hensel & Zotterman, 1951 a). This is contrary to the report of Maruhashi, 
Mizuguchi & Tasaki (1952) for the frog where they did describe some fibres as 
temperature-specialized. 

Besides increasing the temperature sensitivity of some pre-existing receptor, 
the pit organ has enormously increased the sensitivity to radiant heat by 
several secondary features. (1) The superficial position of the endings. These 
are within 5-7 » of the surface compared to 300 or more in man—a depth so 
great that radiant heat is totally absorbed long before it reaches the endings 
which therefore must be heated by conduction. (2) The air space behind the 
sensory surface. Loss of temperature by reradiation backwards into the inner 
wall of the inner chamber is much less than conduction loss would be were 
tissues and blood vessels of the sensory membrane in immediate contact with 
the depths. (3) The thinness of the membrane. A given amount of absorbed 
energy has a minimal volume of tissue to warm. Dr Konrad Buettner has 
kindly calculated the following comparison with man. The rise in temperature 
of the snake membrane for a given flux and time is given by the following 
expressions for short periods assuming no loss to the blood or to the air 


AT = flux x 


1 
thickness 
The rise in temperature of the nerve endings in man where conduction is 
continuous to and beyond them is 


AT =flux x 


1 
dep th of a x aft. 
At 1 sec., given 15 and 300, respectively, the snake membrane will change 
22 times as much in temperature; at 0-1 sec only 7 times as much. 

The sensory membrane is, in the species of Crotalus examined, usually not 
pigmented although the skin of the walls of the pit and of the face is. For the 
longer infra-red rays pigment does not absorb better than unpigmented tissue, 
so that this is no handicap. It may indeed be regarded as evidence of the 
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specialization for the longer wave-lengths emitted by ordinary low temperature 
objects. Agkistrodon piscivorus, on the other hand, has a heavily pigmented 
membrane; no disadvantage or advantage would seem to accrue thereby. 

Besides the adaptedness of the membrane we are faced with two other 
features: the dense innervation and the depressed position. The former, as 
argued above, may greatly contribute to sensitivity because of the possible 
central requirement of spatial summation. But it may also have a meaning, 
along with the depressed position, in conferring a directional sensibility. 
Radiating objects in the environment are bound to cast sharp shadows of one 
side or another of the slightly constricted mouth of the pit (Pl. 1, fig. 1) in any 
position except a very restricted one close to the axis of the cone of visibility. 
Slight relative movements of the object and the head will assure shadows and 
will move their margins. It is thus possible, with the structure and the richness 
of supply, to analyse the shadows and obtain information about direction, 
distance (by change in position of the shadow with known head turning), and 
movement of small objects. In a small cone directly in front an object can be 
‘seen’ by both pits; this could facilitate the analysis and add estimation of size. 
Noble & Schmidt (1937) showed that blindfolded snakes of this group strike 
correctly at warm moving objects if the pits are not covered. The ability not 
only to detect warmth by radiation but to estimate its direction and whether 
the source is moving may be very important to the species ; the present analysis 
shows how these may be accomplished. 

As against these advantageous specializations we must recognize the 
crudeness resulting from the non-rhythmic spontaneous discharge: the 
fluctuations even in average frequency over seconds, the limited range of 
intensities and of slopes and the poor reproducibility of response to a given 
stimulus. These receptors cannot be reliably discriminating among stimuli 
with any considerable degree of refinement. This conclusion does not exclude 
the possibility that the central analysing mechanism may, by sacrificing one 
parameter, e.g. spatial resolution, gain redundancy and thereby considerable 
improvement in reliability of discrimination. But relative to other sense 
organs this one appears to be a rather undiscriminating, almost presence-or- 
absence, signalling device. 

While it is easy to conclude that this organ admirably equips the snake for 
detecting both warm and cool objects (relative to their backgrounds, not to 
the snake) and to suppose that such objects include warm rocks, shady spots, 
moist frogs and homoiotherms, it is harder to specify what the normal function 
is. How this organ is used in nature and what behaviour it permits, which is 
not possible to non-crotalid snakes, we can only guess. The most obvious 
advantage perhaps is in hunting at night or in burrows, either for warm or 
cool food or for warm or cool spots. 

The only comparable organs described are the labial pits of some boas and 
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pythons (Ros, 1935; Noble & Schmidt, 1937). These lack the inner chamber 
and thin sensory membrane but have been shown by the authors mentioned 
to mediate the ability to strike at warm, moving objects in the absence of 
vision, of the nostrils, the tongue and the general cutaneous sensibilities, much 
as in the crotalids: Even some other snakes without pit organs show a 
sensitivity to warm objects, but it appears possible that they do not localize 
objects at a distance by this sense. We are not aware of field or behaviour 
studies which have revealed an advantage of crotalids in certain situations 
which could be attributed to this sense. 


Some comparisons with other receptors 

The outstanding feature of the temperature receptors most studied, those 
in the cat’s tongue and in the ampullae of Lorenzini of the elasmobranch 
(Hensel, 19524, b, 1955; Hensel & Zotterman, 195la-e; Zotterman, 1953; 
Dodt & Zotterman, 19524, b; Dodt, 1953) is the sensitivity of the maintained, 
steady-state discharge to temperature. This is lacking or greatly reduced in the 
present case. 

The snake receptors appear to differ from both these other cases in ex- 
hibiting a very slow adaptation to stronger stimuli, following an early phase 
of adaptation. Even the early phase seems to be slower than the adaptation 
of the initial high-frequency discharge in the mammalian cold and warm 
fibres, which falls to half maximum frequency in 1 or 2 sec. . 

In the mammalian cold and warm receptors, sensitivity of the phasic com- 
ponent is higher than that of the static component and can reach values of 
20 impulses/sec for a sudden change in temperature of 1° C, 56 for 2° C, in the 
maximum cases illustrated by Hensel & Zotterman. These figures are for cold 
fibres; warm fibres have not been as carefully studied and no small steps of 
temperature are reported ; from the records of larger steps, one may guess that 
they are not as sensitive as cold fibres. The snake receptors are equally stimu- 
lated by far smaller temperature steps (0-001-0-005° C), but it is possible that 
the apparent sensitivity of the mammalian cutaneous structures is lowered by 
the combination of tume (Hensel, 1952c) required for heat to flow the several 
hundred » of the depth of the endings and the relatively rapid adaptation. 
The most sensitive fibres reported from the ampullae of Lorenzini of the ray 
(Hensel, 1955) attained a maximum frequency of 60 for a step of 1° C, and are 
thus more sensitive than the mammal and less sensitive than the snake. For 
the purpose of such a comparison, we cannot employ the ratio of maximum 
response frequency to spontaneous background because in certain ranges of 
temperature the latter is reduced greatly, even to zero, while the adapting 
response still has a finite if feeble value. 

Hardy & Oppel (1937) have measured the radiant flux required for threshold 
sensation in man. In stimulating a large area this is minimal but because of the 
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principle of sensory physiology that each receptor fibre must be independently 
excited, we may believe that this gives a closer approximation to the physio- 
logical threshold of the unit than any smaller area. By extrapolation from 
direct measurements of surface temperature with large known fluxes, they 
give the threshold temperature change as 0-003° in 3 sec, the time required for 
minimum threshold. This is in excellent agreement with the present results. 
The extrapolation may require modification in the light of newer measurements 
of heat flow and temperature rise in the skin (Buettner, 1951; Hensel, 1952c) 
but at present this appears to involve a change of not more than a factor of 
three (Buettner, personal communication) and does not therefore greatly affect 
the comparison. However, it is interesting that now, for the first time, we have 
evidence that the threshold of the unit receptor is where it should be, i.e. as 
low as that estimated on a behavioural index of central sensitivity in the snake, 
which is about the same as that estimated by the index of sensation in man. 

Besides the sensitivity to temperature, we may compare that to radiant flux, 
to evaluate the degree of specialization for infrared detection. The only com- 
parable values we are aware of are those of Oppel & Hardy (1937) and Hardy & 
Oppel (1937, 1938), measured on man with a subjective end-point. On 
irradiating a large area, the threshold for warm sensation was 1-5 x 10- 
cal/cm*/sec maintained for 3 sec. Taking a behavioural end-point, such as that 
given by Noble & Schmidt (1937) for the snake, we have calculated the flux 
from a rat of 10 cm equivalent diameter at half a metre with an assumed 10° C 
difference between the surface temperature of the rat and that of the back- 
ground as 1-3 x 10-* cal/em?/sec, or about one-tenth that of man. As already 
discussed above, the dose received by the snake in this case (we are not sure it 
is all required) is about 4 x 10-* cal because of the small size and short latency 
of its organ, while that required by man is at least 9 x 10-* cal. Calculated for 
the area of terminal ramification of a single sensory fibre in the snake, the 
dose is about 2 x 10-4 cal. 

In contrast to the warm receptors in the cat’s tongue (Dodt & Zotterman, 
19526; Dodt, 1953), there is no paradoxical discharge of the snake pit fibres 
upon a sudden cooling of several degrees. Perhaps the most striking differenve 
between these cases, however, is the readiness with which strong stimuli— 
e.g. a rise in temperature of one degree or less—block or silence the snake pit 
receptors. This phenomenon and the long-delayed recovery from it have 
apparently no counterpart in the mammalian temperature receptors. Adrian 
(1933) saw a somewhat similar break-down of response in inflation-receptors 
in the vagus. The long-delayed adaptation from slightly less strong stimuli, 
with the complex sequence of phases of excitation and depression, seems also 
to be unlike the properties described in other receptors. 

The present results do not support the ‘thermopile’ theory of Lele, Weddell 


& Williams (1954) and Tyrrell, Taylor & Williams (1954). These authors 
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believe that spontaneous activity, such as that reported by Zotterman, Hensel 
and Sand, is due to non-isothermal conditions, and that discharge to thermal 
stimuli requires a difference in temperature between the terminal ‘axoplasmic 
filaments’ of free nerve endings and the ‘ensheathed axon’. This difference is 
supposed to generate a potential which determines a discharge. The evidence 
is theoretical, based on psychological experiments with human subjects. There 
is no specific refutation of the experiments of Hensel & Zotterman (1951 a-e) 
or Hensel, Strém & Zotterman (1951) nor a suggestion as to how non-isothermal 
conditions could reasonably persist in Sand’s (1938) experiments. Many 
receptors maintain resting discharge in isolated, apparently isothermal, prepara- 
tions, Similarly here the sensory membrane, the animal and the room—both 
its air and its solid objects—can be at equilibrium and yet a spontaneous dis- 
charge is maintained. Indeed, direct experiments show that, to stop this dis- 
charge by slowly altered or steady-state conditions, a change in temperature 
of 5-10° C must be imposed. There can be no question of a non-isothermal 
condition of this magnitude. Even the response to sudden stimulation cannot 
readily be ascribed to a difference in temperature between free endings and 
ensheathed axon, for both lie in the thin, 10-154 membrane, parallel to the 
surface (Bullock & Fox, unpublished). 

Besides the fact of isothermal discharge, it may be pointed out that some 
of the basic phenomena, upon which Lele, Weddell & Williams construct their 
argument as to the properties of the peripheral receptor, may be central. Thus 
the lack of a simple relation between sensation and skin temperature (Lele, 
1954) and the fact of subjective thermoneutrality over a wide range of skin 
temperatures may largely manifest cerebral processes. Without denying the 
probability of slow peripheral adaptation or claiming that the receptors 
necessarily or simply function as thermometers, we can question the assump- 
tion that thermoneutrality—or any given sensation—at different skin tempera- 
tures means that the same signal is ascending the afferent nerves. 

Physiologists are accustomed to comparing the sensitivity of receptors to 
the ‘noise level’ of the form of stimulus concerned. This is difficult in the 
present case. The sensitivity to radiant flux is high enough to stimulate every 
time the snake suddenly faces a background or a large or close object of black 
body character (soil, rock, plant or almost any usual ordinary outdoor object) 
with a surface temperature 0-1° C above or below the previous. We do not 
know the ‘noise level’ but this is certainly within the range of minor variations 
in different parts of the same object, especially in or soon after changing 
microclimate (i.e. as the sun moves during the day, or as evening and morning 
redistribution of heat progresses). The sensitivity certainly does not approach 
that of the retina in terms of energy content or of proximity to random events 
at the photon level. In respect to temperature, apart from that due to absorbed 
radiation, the conduction from ambient media is the only problem. We need 
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consider only the blood and the air. Certainly in ordinary environments these 
commonly fluctuate far more than 0-001° C but we may perhaps believe that 
each such fluctuation has some meaning in terms of environmental change, 
i.e. is not ‘random’. 

The receptor would be useless with such high sensitivity if it did not have 
both fast and slow adaptation to protect it from high intensity depression by 
faster or slower overstimulation. It is perhaps a tenable idea that the rates of 
adaptation bear such a relation to the particular range of rates of change of 
temperature commonly encountered in ordinary environments that these 
latter only sometimes exceed the adaptation rates and hence stimulate, but 
often do not. Hence, without silencing the receptor, it can adapt to 5, 10 or 
20° C changes and yet maintain a readiness to signal some small, superimposed 
change of greater abruptness. Certainly we can say that a rattlesnake will not 
under ordinary conditions be stimulated only by radiant sources, adapting his 
receptors faster than all changes in air or blood temperature. The facial pit is 
readily stimulated by commonplace movements of air masses of different 
temperature, although considerably protected by the cul-de-sac form. It can 
also be stimulated, though marginally, by blood temperature changes resulting 
from body heating which reasonably simulates a snake moving on to a much 
warmer or cooler substratum without altering the field of view of the pit or the 
air temperature. 

SUMMARY 

1. Nerve fibres from the facial pit of rattlesnakes (Crotalus) usually show 
a continual non-rhythmic discharge in the absence of environmental change. 

2. The adequate stimulus for increasing this activity is a relative increase 
in the influx or a decrease in efflux of radiant energy in the middle and long 
infrared regions. Equally effective stimuli, which however inhibit the spon- 
taneous discharge, are relative increases in efflux or decreases in influx. 

3. No response is obtained to sound vibration, a number of chemicals or 
heat-filtered light, but. change in temperature by conduction from ambient 
media and mechanical deformation of the sensory membrane stimulate. It is 
concluded that these are minor or incidental in ordinary conditions. | 

4. All the sensory nerve fibres from the pit appear to be warm receptor 
fibres. The mechanical sensibility resides in the same fibres. 

5. An object provides a stimulus if its temperature contrasts with that of 
the background, independent of the temperature of the snake or of the air, 
within limits. If the background is warm, regardless of snake or air tempera- 
ture, an object 0-1° C cooler elicits a ‘cold’ response and vice versa. 

6. The normal sensibility is directional. Different receptor units have 
different, sharply defined cones of reception. 

7. Sensitivity of units by oscilloscopic end-point extends to less than 
3 x 10-4 cal/om*/sec or a dose of 5 x cal in 0-1 
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ramification of one fibre. By behavioural end-point (Noble & Schmidt, 1937) 
these figures would be 13x10 and 2x10-". Calculated as change in 
temperature of the membrane, these two end-points give 0-02 and 0-001° C. 
Direct measurement of the change, necessary to elicit a response, in tempera- 
ture of water flowing over the membrane gave values of 0-003-0-005° C. 

8. The initial burst of response to a sudden warm stimulus rises in frequency 
from 2-2 to 4-5 times higher for each tenfold increase in intensity but never 
exceeds about 200/sec. The useful range in intensity is usually not above 1 : 500. 
Latency is from 10 to 150 msec, depending on intensity. 

9. Adaptation to weak stimuli occurs in several seconds and is complete. 
Stimuli 10 to 30 times threshold produce long-lasting discharge with an early 
and a late phase of adaptation. The latter may not begin for several minutes 
and may require many minutes to come to equilibrium, but is then almost or 
quite complete. Stimuli several hundred times threshold (several tenths of 
a degree C) elicit a complex sequence of phases: burst, silence, burst, depres- 
sion and after minutes a plateau slightly above the original spontaneous level. 
The interrelationship of these and the effect of varying stimulus intensity 
suggest that high intensity involves several separate intracellular processes of 
both signs and different time-courses. High intensity intermittency in the 
form of stuttering bursts and of waxing and waning surges are described. 

10. After the abrupt end of a stimulus one of several sequences follows, 
involving after-discharge, off burst, postexcitatory depression or silence, 
supernormal or overshooting recovery and even later phases. 

11. The sensitivity to different steady-state temperatures or radiant fluxes 
is very low. Approximate values are given for the slowest rates of change 
which are physiologically equivalent to a square stimulus at different final 
intensities and at different durations of rise and similarly for the threshold 
rate of change. The relation is complex, but the physiologically just square 
stimulus is at least several tenths of a second in rising and the threshold slope 
may require several minutes. At any one final intensity, the ratio between 
these, i.e. the range of slope which can be discriminated, is much narrower 
than it is comparing high and low final intensities. The receptor cannot 
properly be called a rate-of-change detector, but must be regarded as an 
intensity detector with adaptations of varying time-course. The rate of change 
determines not only sensitivity (Q,, about 4 and 10° at threshold and effectively 
square slopes respectively) but also useful range, resolution, maximum 
frequency and symmetry of response/temperature curve. 

12. The non-rhythmicity and fluctuations in frequency, even when inte- 
grated over some seconds, apparently inhere in the unit receptor not in the 
environment or in synchronized changes in many units. 

13. It is concluded that we are dealing with a reception of the temperature 
of the tissue, not of specific wave-lengths as in the eye. We have failed to find 
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any similar response in the homologous nerve in non-crotalids and in other 
nerves of crotalids. i 

14. In an evaluation of the biological significance of the pit organ, the high 
specialization of physiological properties and anatomy are pointed out. Not 
only is the sensitivity thereby increased, in particular to small doses of radiant 
energy (e.g. from a mouse distant many cm, against common backgrounds) 
but a directional analysis is possible. The properties, however, suggest a 
relatively non-discriminating, largely presence-or-absence-signalling sense 
organ. Presumably crotalids should have an advantage hunting warm-blooded 
or cool (moist) prey at night or under ground and in locating warm or cool 
regions of the substratum. 

15. This organ presents in exaggerated form the general problem of the 
central nervous system in recognizing valid signals of environmental change on 
a background of fluctuating non-rhythmic spontaneity. The central analysing 
mechanism must sacrifice either sensitivity or temporal resolution or com- 
promise between them, but it can improve its recognition of signals materially 
if it can perform three integrations with different time-constants and derive 
a value from them for the unit receptor signal. Additionally, by sacrificing 
resolution of shadows and hence directionality, it can sum signals in different 
afferent fibres to improve signal-to-noise ratio. 

16. Comparison with the other physiologically studied temperature receptors 
indicates that this one is far more sensitive to small steps but far less sensitive 
to maintained temperature. The snake’s warm receptors are strikingly different 
from the others in respect to the block, slow adaptation and complex sequence 
of phases following strong stimuli. 

17, A simple electronic device is described for automatically and con- 
tinuously plotting on the cathode-ray oscilloscope the intervals between 
successive nerve impulses in a single unit as a function of time. 

Among others, we wish especially to acknowledge indebtedness to Mr Charles Shaw of the 
San Diego Zoo for many specimens. Mr Dyrel Faulstick deserves special mention as a devoted 
assistant for several years and for skilful preparation of rattlesnake nerve fibres. Dr Konrad 
Buettner, now of the University of Washington, was of great assistance in discussions and caloula- 
tions and in the loan of Schott-Jena filters and a suitable thermopile for calibrating our sources. 
This research was aided by grants from the National Science Foundation and the University 
Research Committee. 
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EXPLANATION OF PLATE 


Fig. 1. Head of Crotalus viridis out away to show the facial pit and its sensory membrane. The 
membrane is shown as wrinkled to suggest its texture and thinness and to emphasize the air 
chamber behind it; actually it lies concave outwards, nearly filling the posterior wall of the 
posterior chamber. Its three nerves, not shown, approach it from above, behind and in front. 
The preparation chiefly used in this communication involved no surgery in the region of the 
pit but exposure and dissection of one of the nerves posterior to the eye. 

| Fig. 2. The cone of reception. The boundaries were determined by recording from the whole 

nerves (superficia] and deep branches of supra-maxillary nerve) while moving a small source 

across the peripheral field. They are therefore the maximum boundaries, adding the smaller 
cones of all the individual units. 
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THE DISTRIBUTION OF SUGAR BETWEEN RED CELLS AND 
PLASMA: VARIATIONS ASSOCIATED WITH AGE AND SPECIES 


By R. F. W. GOODWIN 
From the Department of Veterinary Clinical Studies, 
University of Cambridge 


(Received 23 April 1956) 


The distribution of the blood sugar between red cells and plasma has long been 
a subject of interest, but most investigators have had as their primary aim the 
study of various properties of the corpuscle and only a few have been more 
concerned with the concentration of sugar in the plasma. The latter workers 
have proceeded in the belief, stressed by Macleod in 1913, that it is the con- 
centration of sugar in the plasma and tissue fluid to which the general body 
cells respond, but this concept has not been developed and it is the con- 
centration of sugar in the whole blood which is now customarily estimated in 
metabolic studies. 

During work that sought the role of fructose in foetal life, it was observed 
that only among ungulates and the whale could fructose be demonstrated at 
high concentration in foetal blood (Goodwin, 1952, 1956). The next stage in 
this comparative approach was to examine the maternal/foetal relationship 
of ungulates and non-ungulates (excluding the whale) to see whether there was 
a common obvious requirement for fructose in the first group of mammals that 
did not exist in the second. But before doing this it was important to ensure 
that any comparisons between the blood-sugar levels of different species at 
varying ages should have a common basis. If the blood sugar were distributed 
differently between cells and plasma in different blood samples, deductions 
made from analyses of whole blood could have been misleading. Furthermore, 
with blood containing both fructose and glucose it could not be assumed that 
each sugar would be distributed according to the partition that occurred in the 
same species with glucose alone. 

The results described here are concerned essentially with the relationship 
between the concentration of sugar in whole blood and in plasma under 
normal conditions and while they have a bearing on permeability studies they 
are clearly no substitute for them. Conversely, the techniques used to show 
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the permeability of red cells to hexoses are not designed to demonstrate the 
concentrations of sugar as they occur in vivo. __ 


A preliminary account of these findings has been given elsewhere (Goodwin, 
1954). 


METHODS 


Sugar estimations. As plasma samples could not be satisfactorily deproteinized with sodium 
hydroxide and zinc sulphate, deproteinization was carried out with barium hydroxide and zinc 
sulphate throughout. The methods for estimating the concentration of fructose and glucose in 
protein-free filtrates were as outlined previously (Goodwin, 1956). 

Technique for demonstrating the distribution of sugar. Blood samples were taken as rapidly as 
possible, generally under conditions that favoured normal sugar concentrations. The need there- 
after was to separate the plasma quickly without allowing glycolysis or encouraging red-cell 
damage and a shift in the partition of sugar. Although glycolysis could be checked with sodium 
fluoride, better results in other respects were obtained by cooling heparinized samples until 
deproteinization was complete. This was done by first standing the blood in iced water immediately 
after collection and then by centrifuging it in glass tubes (internal diameter 1-4 cm) that were 
surrounded by packed ice chips or an ice mould in centrifuge cups (internal diameter 3 cm). The 
ice moulds, although requiring longer preparation, were preferable as they could be centrifuged 
at 3500 rev/min for about 15 min before melting completely. That this technique prevented 
glycolysis was shown by centrifuging rabbit’s blood for 30 min, with one change of ice mould at 
15 min. The concentration of sugar in the whole blood before centrifuging was 123-8 mg/100 ml. 
After centrifuging and then thoroughly remixing the cells and plasma, the equivalent concen- 
tration was 123-9 mg/100 ml. Both figures are the mean of three estimatious. 

Two methods were then available for determining the distribution of sugar: sampling the plasma 
and cells directly or sampling the whole blood and plasma and calculating the sugar concentration 
in the cells indirectly from a knowledge of the packed cell volume. The direct method was examined 
first but, although it was shown that packed cells could be kept cool for at least 6 hr without loss 
of sugar, there were technical difficulties with this procedure that made it unsuitable. First, the 
cellular sugar concentration, after centrifuging for 30 min at 3500 rev/min, varied with the depth 
of the sample within the packed cell mass, which argued a density gradient of cells similar to that 
described by Leeson & Reeve (1951): and secondly, the packed red cells could not easily be 
pipetted. 

Thus the indirect method, using heparinized blood, became the standard procedure and all the 
sugar values given in the results were, unless otherwise stated, obtained with this technique. The 
advantage of this method is that there is minimal manipulation of the sample before deproteiniza- 
tion, while the red cells can be well packed without the need to inhibit glycolysis at the same time. 
For such packing the blood was centrifuged in 100 x3 mm tubes for 1-1} hr at 4000 or more 
rev/min. The maximal radius of centrifugation in all experiments has been 15 cm except for the 
heparinized cord samples of the foal for which the radius was about 22 cm. After sampling for the 
concentration of sugar in whole blood, the latter was centrifuged in ice for just so long as was 
necessary to expose the volume of plasma required (generally 5-10 min). 

As manip ducing work in which the firet aim was to determine 
the concentration of sugar in the plasma, haematocrit estimations were not always made con- 
currently. However, although the conclusion is less accurate, the ratio between the concentra- 
tion of sugar in the plasma and in the whole blood can also be used as an indication of the extent 
to which different erythrocytes permit equalization of the sugar concentration across the cell 
mem brane. 
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RESULTS 

The pig 
The findings for the pig are described first because in this species the changes 
in sugar partition are particularly well defined. 

Adult blood. Many estimations were made of the concentration of sugar in 
the whole blood and plasma of sows at a time when sodium fluoride was used 
to prevent glycolysis. Invariably there was a great difference between the two 
concentrations of sugar, which indicated that the cellular sugar concentration 
was low. In fifteen instances simultaneous haematocrit estimations were 
made and the caleulated mean concentration of glucose in the cells was 
8-7 mg/100 ml. The mean sugar concentration in the plasma of these fifteen 
sows was 71-7 mg/100 ml. Although the use of fluoride appeared to give 
slightly less accurate results, it was clear that the cells of the adult pig con- 
tained very little reducing material. This was confirmed with five sows using 
the heparin-ice technique: the mean concentration of sugar in the cells was 
7-6 mg/100 ml. while the mean concentration in the plasma was 81-1 mg/ 
100 ml. For the latter results, the sugar estimations were made in triplicate 
and the haematocrit determinations in duplicate. 

Foetal blood. Figures are available for fifteen near-term foetuses when the 
concentrations of sugar in the whole blood and plasma were estimated together. 
Fructose was present in high concentration in addition to glucose and in every 
case there was relatively little difference between the sugar concentrations of 
whole blood and plasma. This indicated that both fructose and glucose were 
present at high concentration within the red cells. 

The methods employed here to estimate fructose and glucose are not com- 
pletely reliable when the two hexoses are in the same solution. Consequently, 
in seeking the highest accuracy, standard solutions of fructose alone, glucose 
alone, and different mixtures of the two sugars together have been included 
when estimating unknowns. By these tests, the estimations for nine of the 
fifteen foetuses, together with the estimations for a further six pigs in which 
cord blood was analysed, were apparently satisfactory as all the standards 
read close to their theoretical values at the same time. The findings are 
summarized in Table 1. As the packed cell volume is obviously the same for 
both hexoses it follows, from the similarity of the plasma/whole-blood sugar- 
concentration ratios, that fructose and glucose were distributed across the 
erythrocyte membrane in approximately the same proportions. 

Table 1 does not indicate the concentration of sugar within the cells but this 
has been calculated for seven of the same pigs where the packed cell volume 
was known (four foetal samples and three cord samples). These values are 
given in Table 2 in order to illustrate the variation of the corpuscular/plasma 
sugar-concentration ratio. From the fact that it is more difficult to estimate 
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than fructose in a mixture of the two sugars and that the distribution 
ratio for fructose varies, with one exception, only between 68 and 85%, 
whereas the glucose distribution ratio is much more variable, it is felt that the 
variation is probably more a reflexion of weakness ix the technique than of 
true in vivo differences. In this respect, it can be noted that if in pig 3 the 
plasma concentration of glucose had actually been 3 mg higher than estimated, 


Tasiz 1. Concentration of fructose and glucose in the whole blood and plasma 


of the foetal and new-born pig 
Samples from nine near-term foetuses Samples from six pigs at birth 
Mean of Mean of 
Mean whole- Mean whole- 
whole- Mean blood/ whole- Mean blood/ 
blood plasma blood plasma plasma 
value value  sugar-ratios value value sugar-ratios 
66-1 73-3 i-ll 62-1 68-8 
100 ml.) 
42-3 44-9 1-07 63-1 70-9 1-14 
(mg/100 ml.) 


TaBLE 2. Concentration of fructose and glucose in the whole blood, 
plasma and red cells of foetal and new-born pigs 


Con- Con- 


centration centration Calculated Cell/ 
in in concentration plasma 
whole blood plasma Haematocrit incells concentration 

(mg/100 ml.) (mg/100 ml.) reading (mg/100 ml.) ratio 
Pig 1 (foetus) Fructose 74 79 424 67 85 
Glucose 43 44 42 95 
Pig 2 (foetus) § Fructose 43 53 48} 33 62 
Glucose 39 48 28 59 
Pig 3 (foetus) Fructose 64 68 41} 58 84 
Glucose 42 42 42 101 
Pig 4 (foetus) ~ Fructose 75 85 36} 60 70 
Glucose 53 56 47 84 
Pig 5 (new-born) Fructose 58 68 47} 46 68 
Glucose 40 46 34 74 
Pig 6 (new-born) Fructose 79 85 43 70 83 
ucose 46 56 32 58 
Pig 7 (new-born) Fructose 50 54 33 43 79 
Glucose 110 121 88 73 


Note: But for haematocrits, the values shown are those of the nearest whole number. 


the ccllular/plasma distribution ratio for glucose would have been reduced 
from 101 to 84%. For the pigs listed in Table 2 the mean corpuscular/ 
plasma sugar-concentration ratio was 76:1% for fructose and 77:8% for 
glucose. This again shows that the two hexoses are distributed similarly, but 
it demonstrates in addition that for each sugar there is, on the average, only a 
small concentration gradient across the cell membrane. In this section, the 
smal! blood samples did not allow more than about 60% of the sugar and 
haematocrit determinations to be made in duplicate. 
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Neonatal blood. The erythrocytes of the adult pig had been shown to contain 
very little sugar, but the concentration of sugar in the erythrocytes of the 
foetus closely approximated the concentration of sugar in the plasma; the 
blood of the growing pig was examined next, therefore, to find the period when 
the characteristics of the red cell were changing. 

A preliminary experiment with a litter of seven pigs revealed that the 
difference between the sugar concentration in the whole blood and plasma 
increased rapidly after about the tenth day of life. This experiment was 
repeated on a second litter but with haematocrit determinations in addition. 
(On this occasion duplicate estimations were not made.) Fig. 1 shows the 
change in the mean corpuscular/plasma glucose ratio during the first month of 


4th 10th 1 4th 16th 18th 20th22nd 24th 
Day of life 
Fig. 1. Post-natal change in the distribution of blood glucose in the pig. 


life. Each point is the mean value for either four or five litter-mates. The 
corpuscular sugar concentration remained high until the end of the second 
week; thereafter it decreased rapidly and by the thirty-first day the samples 
showed a distribution pattern for glucose that approximated the findings in 
the adult. Between the first week, when the mean cellular glucose concentra- 
tion was 69-7 mg/100 ml., and the thirty-first day, when the concentration 
was 19-3 mg/100 ml., the glucose content of the cells had fallen by nearly 
75%. The corresponding plasma glucose concentrations at these times showed 
a small increase from 98-6 to 110-3 mg/100 ml. 

To confirm this early change in corpuscular behaviour, three pigs from 
another litter were bled on the twenty-sixth and forty-first day of life. Half 
of the sugar and haematocrit determinations were duplicated. At the younger 
age the mean cellular/plasma glucose ratio was 29-5%, the mean cell and 
plasma glucose concentrations being 36-9 and 124-5 mg/100 ml. respectively. 
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These values had changed to 21:9%, 27-6and 126-7 mg/100 ml. by the 
second sampling. 
The sheep, ox and horse 
Three further species, the sheep, ox and horse, were then examined with 
particular reference to the characteristics of the erythrocytes during the 
neonatal period. 


The sheep | 

Adult blood. Forty estimations have been made on the blood of eight ewes. 
The haematocrit value was the mean of two readings in each case. Two, three 
or, in most cases, four parallel estimations were made of the whole-blood and 
plasma glucose concentration in each sample. The mean corpuscular/plasma 
glucose-concentration ratio was 23-5% and in twenty-six of the forty samples’ 
the ratio was between 20 and 31 %. The mean concentration of reducing material 
in the red cells was 13-3 mg/100 ml. Thus the red cells of the adult sheep 
contained reducing material at a much lower concentration than the plasma 
but at a higher concentration than the erythrocytes of the adult pig. 

Neonatal blood, The new-born lamb, like the new-born pig, had a high con- 
centration of sugar in the corpuscles, the mean cellular glucose concentration 
for three lambs up to the 6th day of life (thirteen estimations) being 73-3 mg/ 
100 ml. The mean cellular/plasma glucose-concentration ratio for the same 
samples was 79-9°%. By the eleventh day this ratio had dropped to 60-4% 
and it seemed that the characteristics of the cell were already changing. 
Although it was not possible to observe these particular lambs further, four 
other lambs were bled during their sixth week of life and they gave a mean 
ratio of 16-5°% with a mean cellular glucose concentration of 15-4 mg/100 ml. 
All the estimations on lamb’s blood were made in duplicate. Thus the lamb 
and the pig showed a common pattern for the change in the distribution of — 
sugar after birth. 


The ox 


Adult blood. Samples from five cows showed a glucose distribution pattern 
that was almost identical with that found in adult sheep. The mean con- 
centration of glucose in the cells was 15-0 mg/100 ml. and the mean corpuscular/ 
plasma distribution-ratio was 24-2%. 

Neonatal blood. Three calves were bled twice during the first week of life. 
The corpuscular/plasma glucose-concentration ratio was 57, 77 and 70% 
respectively, giving a mean ratio of 68%. The sugar estimations were usually 
made in quadruplicate; three or four parallel determinations were made of 
each packed cell volume. It seemed possible that the erythrocytes were 
already changing in type at birth, particularly in the first animal and this 
particular calf was bled repeatedly thereafter in the expectation that the 
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distribution of glucose would rapidly assume the pattern seen in the adult. 
Such an early change, however, did not occur (Table 3); instead, the distribu- 
tion ratio showed a protracted and erratic decrease, and not until the fifth 
month were values of less than 30% obtained. It is probable, therefore, that 
in the calf the change in erythrocyte character after birth requires several 
months, rather than several weeks as in the pig and lamb. 


Tasz 3. Post-natal change in the distribution of glucose between red cells 


and plasma in a calf 
Corpuscular/plasma Corpuscular/plasma 
calf glucose- Am calf 
bled concentration conceutration 
(days) ratio (%) (days) ratio (%) 
4 57 69 48 
7 57 79 37 
14 47 KR 37 
21 53 95 39 
25 44 104 49 
28 40 110 31 
32 65 117 38 
35 52 135 32 
39 59 145 29 
46 36 152 27 


Tasiz 4. Concentration of glucose in the red cells and plasma of a new-born foal 
Day of life 


1 2 3 4 6 9 16 17 Mean 


Plasma 06-7 1028 1205 1075 1035 108 1066 763 1020 


169 165 194 21 212 -03* 6 -23 9-8 


Cellfsiseme concentration 175 161 161 20 205 -08 656 -30 92 
ratio (%) 


* Negative values have been recorded as such for calculating the means. 


The horse 


Adult blood. The concentration of glucose in the plasma of mares was found 
to be considerably greater than the concentration in the whole blood. It was 
probable, therefore, that glucose was at a low concentration in the corpuscle. 
Before substantiating this, the blood of foals was examined and the results 
obtained with neonatal blood allowed further work on adult blood to be 
postponed. 

Neonatal blood. A foal was bled on 4 of the first 6 days of life: the mean 
whole-blood and plasma glucose concentrations were 80-1 and 120-8 mg/ 
100 ml. respectively, which suggested that the erythrocytes contained little 
sugar and were thus unusual among neonatal corpuscles, A second foal was 
then examined in more detail, and Table 4 shows the concentration of re- 
ducing material in the cells and plasma between birth and the seventeenth day. 


All estimations, including the haematocrit determinations, were made in 


duplicate; half the glucose estimations were in triplicate. 
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It is difficult to interpret the changes in the cellular glucose concentration: 
they could be real, when they show that this concentration may fluctuate 
between zero and 21 mg/100 ml. with but little variation in the plasma sugar 
concentration, or they could be evidence of the extent of the variation allowed 
by the technique. However, the mean corpuscular glucose concentration of 
98 mg/100 ml., at a mean plasma glucose concentration of 102-9 mg/100 ml., 
is almost as low as that shown by the adult pig. In the latter, the lower 
concentration within the cell might be favoured by the lower external con- 
centration in the plasma. 

Having found that the neonatal corpuscle contained little glucose it was of 
interest to observe the partition shown by fructose, for in the foal both 
fructose and glucose are present in the foetal circulation. Fresh cord blood 
was not readily obtained and, at first, analyses were made on four samples 
within 12 hr of their collection over sodium fluoride. The results proved 
unusual, for while the mean cellular/plasma glucose ratio of 35°/ showed that 


TaBLE 5. Concentration of fructose and glucose in the whole blood, plasma 


and red cells of two foals at birth 
Con- Calculated Cell/ 
centration Con- con- plasma 
in centration centration con- 
whole blood in plasma §§ Haematocrit in cells § ‘centration 

(mg/100 ml.) (mg/100 ml.) reading (mg/100 ml.) ratio 
Foall Fructose 108 (4) 129 (3) 454 (4) 83 65 
Glucose 54 (4) 84 (2) 18 21 
Foal2 Fructose 103 (4) 125 (3) 42 (4) 72 57 
Glucose 51 (4) 79 (2) 12 15 


Note. But for the haematocrits, the values shown are those of the nearest whole number. The 
figures in parentheses denote the number of parallel estimations. 


the glucose was largely confined to the plasma, the corresponding ratio for 
fructose (795%) demonstrated that this sugar was at high concentration 
within the cell. More recently, two cord samples have been collected over 
heparin at birth and handled at once with the ice technique. The findings 
(Table 5) are not completely in accord with the earlier (fluoride) results but 
this might be expected. However, it may be seen that the mean concentration 
of glucose within the cell was 15 mg/100 ml. when, simultaneously, the mean 
cellular fructose concentration was 77-5 mg/100 ml. 

It cannot be concluded from these few results that there is no interference 
between glucose and fructose, so that while glucose exists at very low con- 
centration within the cell, the partition of fructose remains undisturbed and 
similar to that of both fructose and glucose in the new-born pig. N evertheless, 
it does appear that the erythrocyte of the new-born foal not only contains 
little glucose but it permits fructose and glucose to be distributed quite 
differently across the cell surface. 
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The rabbit and guinea-pig 
Some results are given now rather to illustrate the application of these 
general findings than to demonstrate again that the partition of sugar can 
vary with age. Table 6 shows the concentration differences for glucose across 
the placenta of the rabbit and guinea-pig when both whole-blood and plasma 
sugar concentrations are compared. It can be seen that, consequent upon the 
high concentration of sugar in the foetal corpuscle and the low concentration 


TaB_E 6. Glucose concentration gradients across the placenta of the rabbit and guinea-pig 


Glucose concentration Glucose concentration 
in whole blood Whole-blood in 
(mg/100 ml.) con- (mg) 100 ml.) con- 
A centration ~ centration 
Maternal Foetal gradient Maternal Foetal gradient 
circulation circulation (mg/l00 ml.) circulation circulation (mg/100 ml.) 
1 79 60 19 123 66 57 
2 99 54 45 126 63 63 
3 97 61 36 126 74 52 
4 86 55 31 122 62 60 
5 92 76 16 128 91 37 
6 94 76 18 122 79 43 
Mean — 27-5 52 
Guinea-pigt 
1 75 52 23 105 67 38 
2 92 92 nil 135 104 31 
3 60 50 10 86 57 29 
4 52 47 5 73 50 23 
5 49 44 5 66 46 20 
6 97 85 12 128 95 33 
7 64 64 nil 85 15 10 
8 SR 87 1 115 97 18 
i) 93 80 13 128 87 4l 
10 81 72 i) 118 79 39 
ll 81 77 4 118 87 31 
Mean 7-4 — 28-4 
Guinea-pigt | 
12 87 71 16 114 83 31 
13 94 10 127 93 34 
Mean — ome 13 32-5 
Guinea-pig§ 
14 59 49 10 85 49 36 
15 59 47 12 83 55 28 
16 75 37 38 102 40 62 
17 80 6 116 77 39 
18 106 97 9 136 102 34 


* All the rabbits were killed on the 29th day of gestation. 


t Guinea-pigs 1 to 11 were very near to term, the foetuses being large, active and well-covered 
with hair. 


¢ Guinea-pigs 12 and 12 were less heavily pregnant. 


§ Guinea-pigs 14 to 18 had the youngest foetuses: well-developed but almost hairless and not 
active on exposure. 
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of sugar in the adult corpuscle, the concentration gradients as shown by the 
plasma glucose values greatly exceed the gradients derived from the whole- 
blood figures. It would seem possible that occasionally in these species the 
whole-blood figures might show a reverse gradient (the foetal circulation having 
the higher sugar concentration), but this has-not yet been observed. However, 
in two of the eighteen guinea-pigs examined there was no difference between 
the whole-blood sugar concentrations on each side of the placenta. 

The concentrations listed in Table 6 are probably close to those that occur in 
the physiological resting state. The pregnant animals were stunned with very 
little warning and the maternal. blood samples taken within a few seconds. 
As many foetuses as were necessary to produce an adequate volume of pooled 
blood were then rapidly removed and bled by decapitation. The average time 
between stunning the mother and sampling the last foetus was just over 24 min 
for the rabbits and just under 3} min for the guinea-pigs. The maternal values 
are the result of two or more parallel determinations but only rarely did the 
volume of foetal blood allow an estimation to be repeated. 


DISCUSSION 

The permeability of red cells to sugar may change under non-physiological 
environmental conditions. In this investigation, however, the corpuscular 
behaviour was observed with the red cells in their normal complex medium. 
Furthermore, as the blood-sugar concentrations were within the narrow limits 
usual to each species, it is probable that the sugar was distributed according 
to the conditions that obtain in the steady state. If, as is believed, the brief 
cooling and centrifuging of the blood after sampling does not significantly 
redistribute the sugar across the cell surface, then the present results indicate 
the concentrations of reducing material as they occur in the plasma and whole 
blood of different species in vivo. 

The proportion of this reducing material that is due to fructose and glucose 
cannot be known precisely, for the methods used to estimate both sugars are 
non-specific. It is generally held, however, that the estimation of glucose is 
more likely to include non-hexose material and hence the figures quoted for 
glucose concentration should, more accurately, refer to reducing substances. 
While the amount of non-hexose reducing material included in the glucose 
values is probably small (witness the low values of apparent glucose associated 
with the corpuscles of the adult pig) it could nevertheless be important in the 
interpretation of those results where the corpuscular concentration of total 
reducing substances approached zero. 

The lack of specificity in estimating glucose does not affect the main con- 
clusion of this work, The material recorded as hexose by routine analytical 


methods is distributed between the red cells and plasma in different species, 
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and also at different ages within a single species, in markedly different pro- 
portions. It follows that comparisons made between the sugar concentrations 
of whole-blood samples may not always be valid. Such is the case in several 
species when the sugar concentration gradient across the placenta is under 
consideration, for then the partition of sugar in the compared samples is most 
dissimilar. The period after birth could also invoke misunderstanding, for the 
decrease that commonly occurs in the whole-blood sugar concentration, 
largely as a result of the shift in the partition of sugar (from about 100 to 
70 mg/100 ml. in the pig by the second month of life), might be attributed to 
some other concurrent but unrelated developmental change. 

Previous observations on the partition of sugar in the blood of young animals 
appear to be few. Andreen-Svedberg (1933) obtained a mean corpuscular/ 
plasma glucose-concentration ratio of 59% in some young calves and 42% 
in a 5-day-old pig. Hitchcock (1949) studied the distribution of fructose and 
glucose in the blood of the foetal lamb and found the cellular fructose con- 
centration to be 73-84% of the plasma fructose concentration. The cellular 
glucose concentration, however, was always higher than the plasma glucose 
concentration. The latter type of partition has rarely been seen in this work 
and then only in blood containing fructose in addition to glucose (some of the 
foetal pig samples). In these few instances the corpuscular glucose con- 
centration exceeded the plasma glucose concentration by but a few mg/100 ml., 
and as most samples from the foetal pig showed the plasma glucose concentra- 
tion to be the higher, it has been assumed that the reverse condition is an 
artifact arising from the difficulty of estimating glucose in the presence of 
fructose. The results now presented show that in many new-born animals (the 
pig, lamb, calf, guinea-pig and rabbit) the concentration of glucose in the 
corpuscles is high. In the two species (foal and pig) where the distribution of 
fructose was examined, the cellular concentration of this sugar was likewise 
high. The difference between the cellular and plasma glucose concentrations is 
sufficiently small in the new-born pig and lamb to suggest that the rate of 
cellular glucose metabolism is not comparable with the rate of cell penetration, 
with the result that here the sugar may be in nearly equal concentration in the 
water phase of the cells and plasma, as seems to be the case with human blood 
(MacKay, 1932). In the absence of knowledge on the water content of neonatal 
corpuscles, however, this point cannot be pursued, nor can the slightly lower 
corpuscular/plasma glucose-ratio of the new-born calves be evaluated. The 
erythrocytes of the new-born foal are not of the type usually seen in young 
animals; on the contrary, they exhibit the cellular characteristics of the non- 
primate adult to a particularly marked degree. 

The distribution of sugar in the blood of adults has been studied by many 
authors and the literature from 1877 until 1932 has been discussed in great 
detail by Andreen-Svedberg (1933). The work of others will be referred to here, 
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however, only to illustrate specific points. In this study, the corpuscular 
glucose concentration has been found to be low in all the adult species examined 
(the pig, ox, sheep, horse, guinea-pig and rabbit), but there are distinct species 
differences in the extent to which this concentration of glucose approaches 
zero. Thus the pig gives a consistently lower reading than the ox and sheep, 
a fact that can also be seen from the results of Andreen-Svedberg (1933) and 
Somogyi (1933). It might be concluded that the very low corpuscular glucose 
concentration in the pig is due to the erythrocytes being impermeable to 
glucose, and this has been the deduction of several authors, but it is more 
questionable whether this argument can be extended to the ruminants. 
Recent work on the extent to which the plasma is retained between the 
corpuscles when human blood is centrifuged (Chaplin & Mollison, 1952; 
Vazquez, Newerly, Yalow & Berson, 1954) gives, with the centrifugal force 
used here, a figure of about 2-3%. For the glucose of ruminant corpuscles to 
be due to retained plasma, the latter would need to constitute over 20% of 
the packed cell volume and it is difficult to agree with Somogyi (1933) that the 
corpuscular glucose of the sheep and ox is due solely to the retained plasma. 
Whether this apparent glucose is actually within the cells or adsorbed on to 
them, as Andreen-Svedberg (1933) believed, is another question and clearly 


_ the matter will not be resolved until techniques are employed that will both 


recognize glucose specifically and differentiate intracellular from adsorbed and 
extracellular sugar. 

As there is no evidence that erythrocytes can effect a greater concentration 
of sugar inside the cell than is present in the environment, there are two possible 
extremes in the pattern of sugar partition. The first is when the sugar can 
attain equal concentration in the water phase of the cell and plasma, and the 
second is when the cell is completely impermeable to sugar. With regard to the 
partition of glucose, therefore, there appears to be a general tendency for the 
red cells of animals to change from a point near the first extreme to a point 
near the second. Such a change was reported by Hitchcock (1949) for the 
young lamb. It would be interesting to know whether the erythrocytes of the 
foetal foal contain a high concentration of glucose during early gestation or 
whether they never conform to the usual ‘foetal’ pattern. As it is well 
established that in primate corpuscles the intracellular sugar remains at high 
concentration in adult life, the change that occurs in the permeability of the 
human red cell with age (Widdas, 1955) is apparently insufficient to affect 
materially the corpuscular glucose concentration. 

The simplest explanation of the slow change in sugar partition after birth 
is that there are two main cell types and that the ‘foetal’ type cell is pro- 
gressively replaced by the ‘adult’ type cell (Goodwin, 1954). The blood of the 
young guinea-pig appeared to contain two cell populations of these types 


when examined by Widdas (1955), and the work of Goodwin & pi 2 stad 
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also lends support to the idea of cell substitution. These authors found that the 
red cells of the new-born pig lack the group A antigen at birth but that during 
the first month of life it appears in increasing strength. When the antigen is 
first detected only small clumps of cells are agglutinated by anti-A serum and 
most of the cells appear unaffected. During the period when the cellular 
behaviour to glucose is progressively changing, the proportion of red cells 
that is agglutinated by anti-A serum also increases until, by the time the pig 
is 1-2 months old, almost the whole cell population behaves (both serologically 
and with respect to glucose distribution) as in the adult. 

Studies on the permeability of red cells to hexoses differ in important 
respects from distribution studies, but it is nevertheless understandable that 
several authors have been concerned to reconcile the main conclusions of these 
two approaches. Foetal cells have been the subject of investigation only very 
recently, and hence the debate has centred on the permeability and distri- 
bution characteristics of the erythrocytes in adults. Here there is a superficial 
incompatability in the results. Permeability experiments have shown the 
erythrocytes of most non-primate adults to be impermeable to glucose in vitro. 
(The earlier literature has been reviewed by Andreen-Svedberg.) Distribution 
studies, however, show that glucose is associated with the cells, and this led 
Andreen-Svedberg (1933) to the conclusion that ‘there must be glucose content 
without glucose permeability’. The same author pointed out, however, that 
the permeability investigations had not excluded the possibility that the cells 
were, in fact, very slowly permeable to glucose rather than completely 
impermeable, and the similar caution counselled by Widdas (1955) can now 
be considered in the light of the work of Morgan, Kalman, Post & Park (1955) 
who, by inhibiting utilization in the rabbit erythrocyte, have shown that 
glucose can enter the cell and accumulate there. 


SUMMARY 

1. Observations have been made on the distribution of glucose between the 
red cells and plasma in foetal, neonatal and adult blood from several species 
of mammals; horse, pig, ox, sheep, rabbit and guinea-pig. In the young of two 
species, the horse and pig, the distribution of fructose was also observed. 

2. The material customarily estimated as glucose may be distributed 
differently in different species of adults and this variation in partition is often 
very marked in the blood of the same species at different ages. 

3. Seliwanoff-positive material (taken as fructose) was at high concentration 
within the red cell, not only when the associated glucose showed a similar 
distribution ratio (as in the foetal pig) but also when the corpuscular glucose 
concentration was low (as in the new-born foal). 

4. In general, new-born animals have a high corpuscular glucose con- 
centration and this concentration decreases during the neonatal period to the 
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low levels that are characteristic of the adult. The horse is unusual, however, 
for the new-born foal has a very low corpuscular glucose concentration. 
5. It is concluded that comparisons between the concentrations of sugar in 


whole-blood samples from different species or, particularly, from animals of 
different ages may not always be valid. 


6. Some other implications of these findings are discussed. 


The author is particularly indebted to Dr R, Scarisbrick, at whose suggestion this work was 
undertaken. The foal blood samples were collected at the stables of the Earl of Derby and with 
the excellent co-operation of Mr M. Ryan, the stud groom. Mr P. J. D. V. Brett has given general 
technical assistanog and some of the expenses were met by a grant from the Agricultural Research 
Council. Part of this investigation was carried out in the Department of Animal Pathology, 
Cambridge. 
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THE ACTION OF TISSUE EXTRACTS AND OF CLEARING- 
FACTOR ON THE ELECTROPHORETIC MIGRATION OF 
SERUM LIPOPROTEINS 


By A. COMFORT 
From the Department of Zoology, University College, London 
(Received 23 April 1956) 


When a bird or mammal receives an injection of heparin, dextran sulphate, or 
other sulphated polysaccharides, substances acting specifically upon the blood 
lipoids are released into the circulation. These materials are usually detected 
by measuring the clearing activity of plasma against turbid lipoprotein 
emulsions. They also produce a characteristic selective increase in the anodic 
migration rate of added serum lipoproteins, especially the f-component, 
during electrophoresis. This effect has been used to demonstrate changes after 
heparin injection in the lipoprotein of the serum of lipaemic rabbits, which 
does not undergo optical clearing (Comfort, 19534, b, 1955). It is apparently 
a specific action of clearing-factor or some material associated with it. 

This paper describes the detection of ‘lipoprotein-acclerating’ material in 
plasma fractions, fresh tissues, and acetone-dried tissue powders, by its action 
on the behaviour of the 8-lipoprotein of stored citrated human plasma during 
paper electrophoresis. Korn (1955a, 6) has shown that the material responsible 
for optical clearing can be detected in normal mammalian tissues, and in 
acetone powders prepared from them. Its presence there is not dependent on 
the administration of heparin. The tissue material is described by Korn as 
a heparin-activated lipoproteinase ‘having all the known properties of clearing- 
factor’—though the electrophoretic effect is not specifically mentioned among 
these, and glycerol production was used as the quantitative test. 

Four or more distinct activities may appear in the plasma of animals after 
the injection of heparin—the power of inducing optical clearing, a specific 
lipoproteinase activity (Korn, 19554, 5), esterase activity which is not identical 
with the foregoing being due to material which can be separated from clearing- 
factor by precipitation (Brown, Boyle & Anfinsen, 1953), the effect on the 
electrophoretic migration of lipoprotein, and the removal of certain large non- 
turbid lipoprotein molecules, probably by breakdown to smaller units (Anfin- 
sen, Boyle & Brown, 1952). The esterase activity shows marked variation 
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between species, and more than one enzyme is involved (Overbeek & 
van der Vries, 1955). Optical clearing itself involves the participation of at 
least three components (Anfinsen et al. 1952). It cannot, therefore, be assumed 
that all the effects of ‘clearing-factor’ are due to a single material, or that the 
effect on lipoprotein migration is due to the same system as the clearing of 
optical density, though it is probably associated with the redistribution of the 
sizes of the circulating lipoprotein molecules which has been detected with the 
ultracentrifuge (Graham, Lyon, Gofman, Jones, Yankley, Simonton & White, 
1951) after heparin injection. Where standard substrates are used we have so 
far found that preparations which enhance lipoprotein migration also produce 


clearing, though at higher concentrations. In Korn’s experiments (19552) 
the active lipase was extractable from tissue powders with serum or 0-025 n- 
ammonia. We have found that extraction of the lipoprotein-accelerating 
substance by ammonia, either from acetone powders or from precipitates of 
plasma fractions, is by no means complete. The electrophoretic effect, however, 
can be observed after adding small amounts of organ brei or dry material to 
a standard lipaemic plasma, and carrying out paper electrophoresis of samples 
and controls in parallel on the same sheet. Some of our observations also throw 
light on the inconsistencies in the electrophoretic behaviour of the various 
serum lipoproteins after heparin injection which have been reported by other 
workers. 
METHODS 

Electrophoresis, staining and densitometry. These were carried out by methods already described 
(Comfort, 1955), the only change being in the staining procedure. Papers were loosely rolled while 
still wet with buffer, immersed vertically in tall cylinders of the Sudan Black solution, washed in 
60% aqueous ethanol and then in tap water. Staining in the vertical position greatly reduced 
background due to stain precipitation. 

Washed papers were photographed while moist through a red filter (Wratten A) and the band 
patterns examined visually in positive prints giving an area reduction of x 0-1, or by photometric 
scanning of the negatives in the photoelectric densitometer (Baldwin Instrument Co.). Papers not 
immediately photographed were stored frozen to — 20° C and in darkness. 

Samples of Sudan Black were examined by chromatography on alumina from petrol ether- 
benzene; by development with chloroform the main blue-black components were freed of orange 
and yellow material, but dye purified in this way was not more satisfactory than the crude material. 

In a few experiments mucoproteins in parallel samples were stained by Kofw’s method (Koiw & 
Grénwall, 1952). 

Standard lipoprotein emulsion. We have found it possible and convenient to use transfusion 
blood, provided that sufficient material is prepared from a single batch to cover a complete series 
of experiments. For each batch, a suitable 500 ml. sample of lipaemic human plasma (from 
citrated transfusion blood stored at 4° C) which had been tested against standard clearing-factor 
preparations, was divided into 100 5 ml. portions and immediately frozen at - 20° C. Each 5 ml. 
bottle was thawed for use once only. The lipoprotein pattern of stored frozen plasma may differ 
considerably from that of the fresh material (Lever, Smith & Hurley, 1954), but under the condi- 
tions here described the electrophoretic behaviour of the main f-lipoprotein front and the degree 
of acceleration by a standard addition of clearing-factor remain consistent for at least a year in all 
the samples from a single batch. At least three batches were always maintained in use as sub- 
strates in each group of experiments. 
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Stored serum was only used in experiments to demonstrate the presence or absence of an acceler- 
ating factor in samples. All descriptions of the appearances produced in sera by clearing-factor 
were based on freshly-drawn human or lanolin-fed rabbit serum which was used without storage 
and not more than 6 hr after being collected, whole blood being left to clot at room temperature 
and the serum withdrawn after centrifugation. 

Preparation of plasma fractions. Blood was drawn from the ear of unanaesthetized rabbits 
which had received 200 u./kg heparin (‘Pularin’, Evans) by intravenous injection 5 min previously, 
Plasma was separated by centrifugation and immediately frozen to — 20° C. Clearing activity was 
estimated in protein fractions prepared from active plasma by paper electrophoresis of 5 ml. 
samples on wide sheets (Whatman Nos. 31, 3 MM) at pH 8-6; other plasma fractions containing the 
(Mackay, 1955). 

Examination of organs. Fresh organs were sliced, washed with saline, and minced with scissors. 
Portions of brei (about 0-5 g wet wt.) were each blended with 2 ml. lipaemic plasma in small tubes 
by means of a roughened glass pestle. After 1 hr at room temperature, a further 2 ml. lipaemic 
plasma was added, the tubes were centrifuged and the supernatant plasma examined by paper 
electrophoresis. 

Acetone powders were prepared from rabbit and duck heart and lung by emulsifying fresh 
minced tissue in acetone at — 20° C in the electric blender. The deposit was filtered at room tempera- 
ture, washed with several changes of acetone and dried on a Buchner funnel. The acetone powders 
were stored at room temperature in stoppered tubes, and were indefinitely stable. 

Animals, Lipaemic horse serum (four individuals) was kindly provided by Dr Riding, of Evans 
Medical Supplies Ltd. 

Rabbits were males from random-bred laboratory stocks previously described (Comfort, 1955). 

Mice were from line-bred C 57 and A strains. Data for frogs refer to two large specimens of 
Rana esculenta taken in August (3) and in November (9) respectively from a laboratory stock at 
room temperature. 


RESULTS 


A factor which specifically accelerated the movement of added f-lipoprotein 
was found in all the preparations of active plasma which showed optical 
clearing activity, and in the tissues and tissue preparations enumerated in 
Table 1. Pl. 1, fig. 1a, 6, shows such assays, and indicates the appearances on 
which positive and negative results were assessed. 

Although the number of animals examined has been small, the results with 
tissue preparations suggest that there may be certain consistent interspecific, 
and possibly interstrain, differences in organ activity. No attempt has yet 


4 TaBLE 1. Lipoprotein-accelerating activity of tissue preparations 
Mouse Mouse Guinea- 
C57 ‘A’ Rabbit pig Duck Frog 
Heart ++ (+) + + + + “ 
| a + + ++ + ++ - 
Kidney + + + + 
| Liver (+) + ; - 
a Skeletal muscle (+) + - + : * 
4 Testis + + 
++ +++ - - 
Large gut a ~ 
| — = negative finding. - = not examined. 
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been made to determine the limits of individual variation in any strain with age 
or diet, but the organ activity levels of the eighteen rabbits examined in this 
sample appeared roughly similar. The most active tissues in most animals were 
ileum, lung and heart, in that order, but guinea-pig ileum was consistently 
inactive (five individuals). Activity appears in the blood collecting in the 
thorax of recently killed rabbits during dissection, but not in blood from 
systemic veins—in this case it appears to be escaping after death from heart or 


lung tissue. 
Plasma fractions 

Plasma protein fractions were prepared, both by electrophoresis and by low- 
temperature precipitation. Clearing-factor migrates in the «,-globulin region 
and has been concentrated by electrophoresis on starch (Brown et al. 1953); 
but paper electrophoresis at pH 8-6 was found to be an unsatisfactory method 
for its preparation, and there was a very poor recovery by centrifugation or 
elution with buffer from filter-paper. The losses are due both to adsorption on 
the paper and to decline in activity during sojourn in the electrophoretic 
apparatus. Although the optical clearing activity migrates in the «,-globulin 
region of the pattern, it can be demonstrated only with difficulty unless the 
initial charge is very large (0-5-2-0 ml. active plasma) and concentrated upon 
a fairly narrow paper to minimize adsorption. The effect on lipoprotein 
mobility was, however, easily demonstrated by allowing the pattern to dry on 
a glass plate at room temperature, and placing sections cut from it in small 
quantities of lipaemic serum. The main front of activity ran with or just behind 
the «,-globulin band, and was followed by a considerable tail. The separation 
of the active zone was more satisfactory in rabbit than in guinea-pig plasma, 
owing to the higher relative mobility of rabbit albumin and the consequent 
better definition of the «-globulins. 

At pH 8-6, free heparin and dextran sulphate have mobilities about half as 
great again as that of rabbit albumin, and migrated out of the protein pattern, 
forming a zone well ahead of the albumin which stained with toluidine blue, 
but not with protein or lipoid stains. The loss of activity in plasma during 
electrophoresis was not due to loss of heparin from the active fractions, how- 
ever, and was not restored by adding heparin to them. No other heparin- 
containing or toluidine blue-staining zones were detected in patterns derived 
from active rabbit, guinea-pig or pigeon plasma. 

A few sailideunts ae conducted by streaking the developed pattern from 
active rabbit plasma longitudinally with lipaemic human serum and re-run- 
ning after turning the paper through 90°. This method was technically 
unsatisfactory, but it indicated that the tail of active material extended back 
to the origin. In one case only, a small zone of activity coincided with the 
expected position of the free heparin spot. This observation could not, however, 
be repeated. 
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One sample of active plasma was fractionated by low-temperature ether- 
precipitation, using the methods recommended by Mackay (1955). Both 
clearing and mobility-enhancing activities were precipitated quantitatively, 
with the combined globulins (pH 5-50, J =0-037) at —3-5° C by 18-5 % (v/v) 
ether, and thereafter chiefly in the «-globulin fraction, but there was detect- 
able mobility-enhancing activity at trace level in all the other fractions. The 
active material adhered strongly to protein precipitates, and was most easily 
concentrated by adding alcohol or acetone to active serum at 0° C until a cloudi- 
ness just formed. The first precipitate obtained in this way contained most of 
the active substance under a wide range of conditions, and regardless of the 
proportions of identifiable serum protein constituents which were present in 
the precipitate. Whole serum allowed to dry on filter-paper at 20° C preserved 
- most of its lipoprotein-accelerating activity for at least a month. 

Enough active material was eluted from tissue acetone powders with saline 
or 0-025 n-ammonia to be detectable by its effect on lipoprotein electro- 


phoresis, and in highly active preparations by its clearing action, but most of _ 


the material producing the first of these effects remained behind, and even 
after prolonged re-extraction with many changes of solvent, trace amounts of 
the solid residue were highly active when added to lipaemic sera. A better 
recovery was obtained by extracting with whole rabbit serum or half-strength 
reconstituted human dried plasma, but even so the residue after repeated 
elution still contained the bulk of the mobility-enhancing factor. This finding 
contrasts with that of Korn (1955a), who obtained good recoveries of 


clearing-factor, estimated optically, by extraction of tissue Sil with 
0-025 N-ammonia. 


Quantitats 

The curves in Text-fig. 1 were drawn by plotting the distance travelled from 
the origin by the f-lipoprotein front after addition of different amounts of 
active plasma, each series of values being plotted twice on the same specimen, 
after two different periods of electrophoresis. The variable effect of increased 
length of run upon the percentage increase is due chiefly to the peculiarities of 
the open hanging-strip method, in particular, the tendency for the current 
density and migration rate at constant voltage to be greatest near the summit 
of the folded paper. On account of this non-linearity comparison between the 
activities of different organ or serum preparations can be obtained by the open 
technique only if test and standard lipoprotein specimens are invariably run 
upon the same sheet, with at least two markers of known behaviour. 
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10 
mi. active plasma/mi. substrate 


Text-fig. 1. Effect of increasing amounts of active rabbit serum on the migration-distance of the 
B-lipoproteins of frozen human serum after long and short runs on paper (pH 8-6, veronal 
sam 


DISCUSSION 
The position of the B-lipoprotein front relative to the protein bands in the 
electrophoretic pattern of a given serum is normally constant, and is not easily 
upset without a change in the behaviour of other stainable constituents. 
Selective displacement of the f-lipoprotein band, without any accompanying 
changes in the behaviour of the serum proteins stained with azocarmine or 
light green, or the mucoproteins stained with Koiw’s periodate Schiff reagents 
(Koiw & Grénwall, 1952) appears to be a specific result of the action of a material 
present in some but not all tissues, having a distribution like that described by 
other workers for clearing-factor estimated by optical methods, and indis- 
tinguishable in its electrophoretic effects from plasma-borne clearing-factor 
(Pl. 2, fig. 1). The enhancement of f-lipoprotein mobility by tissue extracts 
has consistently shown the same peculiarities as that induced by clearing- 
factor: reversal by protamine; selection, in certain substrate samples, of the 
B-band alone, thea-component being unaffected ; resistance to drying; and lack 
of effect upon the non-lipoprotein constituents. The phenomenon does not 
appear to be a combination of non-specific effects. Since protamine in vitro 
produces an equally selective retardation, some non-specific interference with 
lipoprotein migration in tissue-serum mixtures might have been expected 
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from other materials, especially histones, but has not been observed. Lipase 
preparations affect the distribution of lipoid between mobile and non-mobile 
states, and may produce tailing, but they do not reproduce the effects of 
clearing-factor. The presence of bile produces a marked acceleration of the 
whole lipoprotein content of serum, and a smaller increase in the migration of 
many of the other protein components. The action of ileum extracts does not, 
however, appear to be due to bile contamination. It is not reduced by washing 
the gut for long periods before grinding. The appendix and large intestine of 
rabbits gave little or no activity, and guinea-pig ileum, prepared in the same 
way as rabbit ileum, was inactive. 

We have so far found no preparation which causes optical clearing without 
also accelerating the B-lipoprotein. The converse has not been shown, partly 
because optical clearing of unstable lipoid emulsions could not be directly 
demonstrated in the presence of very finely divided solid matter, and partly 
because of the much lower sensitivity of the optical test. Where an extract of 
tissue powder produced detectable band displacement but no detectable 
clearing, this was almost certainly because of the small amount of active 
material extracted. No tendency for the two properties to separate was 
observed in the few fractionations which have been carried out, though 
clearing-factor is readily separated from plasma esterases by these means 
(Brown et al. 1953). The band displacement is not reduced by excess free 
heparin, whereas optical clearing is slowed or inhibited (Brown et al. 1953). 
This may be due in part to the rapid removal of free heparin from the pattern 
during electrophoresis at pH 8-6. 

There is considerable disagreement in the literature describing the changes 
of lipoprotein pattern induced by heparin factor. It has been said to cause 
a transfer of lipoid material from one group of proteins to another (Brown 
et al. 1953; Boyle, Bragdon & Brown, 1952), Herbst & Hurley (1954) describe 
the production of a pre-albumin lipoid component by heparin injection in man, 
and discuss its nature. The sequence of changes in a lipaemic serum treated 
with the lipoprotein accelerating factor can be followed, however, by parallel 
electrophoresis of serial dilutions on the same sheet. These changes appear to 
be as follows: 

(1) The effect of increasing amounts of clearing-factor added to lipaemic 
serum is to move one, and sometimes both, lipoid-staining bands forward 
towards the anode, relative to the protein pattern. There is no evidence of any 
real transfer of lipoid from one group of globulins to another, as has been 
suggested by Boyle et al. (1952). At all pH values between 4 and 9 the apparent 
rate of anodic migration of the f-lipoprotein on paper is greater in samples 
treated with clearing-factor than in parallel controls. This change probably 
accompanies a change in molecule size, but it is reversible by protamine, and 
may also be due to an increase in the polarity of the lipoprotein molecules, 
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Under our conditions of buffer strength and temperature the B-lipoprotein 
fraction normally runs with, or slightly ahead of, the B-globulin protein 
maximum. By adding the right amount of clearing-factor the f-lipoprotein in 
human serum can be made to migrate with any molecule group from the 
B-globulin to the tail of the albumin. The f-lipoprotein of lipaemic rabbit 
serum can be made on occasion to overtake and merge with the «-lipoprotein, 
but the f-lipoprotein of human sera which we have examined appears in all 
cases to have a maximum velocity less than this. Where A-lipoprotein, 
accelerated in this way, coincides with the albumin peak, there is evidence of 
physical interference between the two, with distortion of the lipoprotein front 
and the formation of lipoid-staining crescents on each side of the band. 

(2) The lipoprotein-accelerating factor also affects the mobility of the 
«-lipoprotein, but much more irregularly. In some human sera, in the sera of 
those rabbits which have a constitutionally high relative «-lipoprotein 
(Comfort, 1955) and in horse serum, where the «-component predominates, the 
a-lipoprotein band is accelerated in the same way as the f-lipoprotein, and 
may run well ahead of the albumin. Where a lipoid-staining pre-albumin fringe 
is present this in turn migrates ahead of the a-band, but usually remains 
distinct from it. In other sera, containing similar amounts of total lipoid, the 
a-component is unaffected even by large amounts of heparin factor. In a third 
group of sera, the effect of heparin factor is to split the a-lipoprotein band, one 
zone passing ahead of the albumin, the other remaining unchanged. A paper 
deliberately overloaded to make these two «-components visible in reproduc- 
tion is shown in Pl. 1, fig. 2. Normal untreated lipaemic human sera subjected 
to electrophoresis within a few minutes of being collected have several times 
shown resolution of the «-band into two zones. 

In reduced photographs of the stained pattern, it can be seen that one of 
these components coincides with the «-globulin, the other with the albumin 
itself. A zone of staining which coincides with the albumin is also commonly 
found in those rabbits on a lipaemic diet which have a visible «-lipoprotein 
component (Pl. 1, fig. 2; Pl. 2, fig. 1). It has not so far been possible to define 
the conditions under which each of these effects occurs. In none of the cases 
can transfer of lipoid material from one band to another be demonstrated by 
photometry of the stained papers, or of negatives prepared by photographing 
them. 

(3) There is a slight but definite acceleration of the albumin band itself in 
some, but not in all, sera treated with heparin factor. This effect is being 
investigated further—it is probably due to the binding by albumin of fatty 
acids released during the clearing reaction (Ballou, Boyer & Luck, 1945; 
Boyle et al. 1952; Gordon, Boyle, Brown, Cherkes & Anfinsen, 1953). 


obile 
s of | 
the | 
nm of 
not, { 
ne of 
ame 
hout 
artly 
actly 
artly 
t of | 
tive 
was | 
yugh 
free 
953). 4 
tern 
| 
own 
ribe q 
ated 
allel 
ar to | 
pmic 
q 
any 
peen } 
rent | 
ples 
ably 
and 
les, 


110 A. COMFORT 


SUMMARY 


1. The effects of tissue brei, acetone tissue powders, and fractions prepared 
from plasma on the migration-pattern of added serum lipoprotein were 
studied by paper electrophoresis and staining, the contrast between stained 
and unstained areas being photographically intensified. 

2. Some mammalian and avian tissues, especially ileum, heart and lung, 
contain a substance which produced changes in this pattern similar to those 
produced by plasma which contains clearing-factor. Acetone powders pre- 
pared from these tissues are also active. Frog tissues from two individuals 
were inactive. 

3. The effect of tissue extracts and clearing-factor on the a- and f-lipo- 
proteins is described. The findings indicate that clearing-factor accelerates the 
B-lipoprotein relative to other serum proteins, but does not produce transfer 
of lipoid from one protein to another. 


4. Photographic methods show the presence in many human and rabbit 
sera of two lipoid-staining components in the «-region, one of which coincides 
with the albumin band. 


This work was done during the tenure of a fellowship awarded by the Nuffield Foundation. 
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EXPLANATION OF PLATES 
Piats 1 

Fig. 1a. Concentration of the mobility-enhancing factor in the combined globulin precipitate of 
active rabbit plasma. Assay against fresh human serum. 1, 7, human serum controls; 
2, serum +extract of globulin precipitate in buffer pH 4; 3, serum +globulin precipitate; 
4-6, serum + successive albumin precipitates; 8, 9, standards—human serum with standard 
clearing-factor preparations. Globulins precipitated with ether at — 3-5° C, pH 5-50, J =0-037. 

Fig. 1b. Mobility-enhancing action of dry acetone powders of organs. Assay against 2 ml. portions 
of stored human plasma. 1, control; 2-5, 0-1 g dried rabbit heart, rabbit lung, duck heart, | 
duck lung respectively; 6, 7, rabbit lung 0-05, 0-025 g respectively. 

Fig. 2. Effect of increasing amounts of clearing-factor on the behaviour of serum lipoproteins of 
lanolin-fed rabbit. 1, serum +standard preparation; 2, serum alone; 3-6, serum + active 
guinea-pig plasma 2:1, 10: 3, 5: 1, 30:1. Note increased mobility of leading «-component, 
overtaking of following «-component by the f-lipoprotein. Compare PI. 2, fig. 1. The papers 
are deliberately overloaded to make the a-components visible. 


PLaTE 2 
Fig. 1. Effect of heparin injection (1000 u. intravenously) on the protein patterns stained with 
light green (above) and the lipoproteins stained with Sudan Black (below) of lanolin-fed 
rabbits. Papers run in parallel; Y, Z, before, Y,, Z,, after injection of heparin. Note 
behaviour of the two a-lipoprotein components. 
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AN APPARATUS FOR FLASH PHOTOLYSIS AND ITS 
APPLICATION TO THE REACTIONS OF 
MYOGLOBIN WITH GASES 


By Q. H. GIBSON 
From the Department of Biochemistry, University of Sheffield 
(Received 2 May 1956) 


It is natural to begin any paper on the reactions of haemoglobin with gases by 
referring to Hartridge & Roughton (1923a) who developed the rapid-flow 
mixing technique and applied it successfully to the principal reactions of 
mammalian haemoglobin. Although later modifications by Millikan (19362), 
Chance (1951), Dalziel (1953), Gibson (1954) and others have increased the 
power of the method there has been no change in principle, and almost all our 
information on the kinetics of haemoglobin reactions has been obtained by the 
mixing technique. For this reason it is not infrequently overlooked that before 
the invention of the rapid-flow method Hartridge & Roughton (19236) had 
measured the rate of replacement of oxygen by carbon monoxide using 
a powerful light source to cause photodecomposition of carbon monoxide 
haemoglobin, and then following the return of the system to equilibrium under 
conditions of less intense illumination. The method was necessarily limited to 
cases in which the reduced haemoglobin formed by photochemical action was 
prevented from recombining at once with carbon monoxide by the presence 
of some other ligand molecule in the solution in amounts sufficient to compete 
effectively with carbon monoxide. 

It has recently been possible to extend the pioneer work of Hartridge & 
Roughton (19235) through the use of the high intensity flash discharge tube 
already extensively applied by Norrish & Porter (see, for example, Norrish 
& Porter, 1954). It has been possible not only to confirm, by this entirely 
independent method, certain of the findings obtained by the rapid-flow tech- 
nique, but also to obtain new information not readily accessible to the mixing 
method. The present paper describes an apparatus for flash photolysis experi- 
ments with haemoglobin and its use in the theoretically simple case of the 
reaction of myoglobin with carbon monoxide. 
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METHODS 
Apparatus 


General 


The lay-out of the apparatus is illustrated in the block diagram of Fig. 1. The solution to be 
examined was placed in a cell (’ through which the observation light beam passed from the light 
source L, on its way to the photomultiplier M, being rendered approximately monochromatic by 
passing through interference filters. The output of the photomultiplier was recorded with an 
oscillograph and camera as described by Gibson & Roughton (1955). The reaction was initiated by 
the brief (0-2 msee) but brilliant flash of light produced by the flash tube F7’ which brought 
about photodecomposition of the compound in the cell. 


Fig. 1. Block diagram of flash photolysis apparatus. C, cell containing solution under examina- 
tion; L, light source for recording the reaction; M, photomultiplier recording the reaction; 
O, cathode-ray oscillograph; F'7’, flash tube. 


Fig. 2. End and side elevations of flash photolysis apparatus. The parts are identified as follows: 
L,, light source for observation beam; L,, light source for compensator; FT’, flash tube; 
M,, recording photomultiplier (EMI Type 5659); M,, compensating photomultiplier 
(RCA 931 A); S, shutter; Z, electric motor driving shutter; 7’, tonometer attached to observa- 
tion cell; J, integrating sphere; F,, glass filter; F,, interference filter. 

Practical details 

The lay-out adopted is shown in Fig. 2. 

(4) Light sources, The Shatin bins source (L) was a 6V 24W tungsten compact source 
lamp operated from a lead storage battery, with glass filters in position F, (to reduce the photo- 
chemical effect of the beam), and a suitable interference filter (Barr & Stroud) in position F,;, 
where it also served to reduce the intensity of any stray light reaching the photomultiplier from 
the flash tube. The flash source (F’'7') was a Mullard LSD 3 tube operated at 2-7 kV and supplied 
with 100 J or 26 J from suitable capacitors. The flash tube and the cell for the solution were placed 
in an integrating sphere 10 in. in diameter made of thin methacrylate resin lined with MgO 
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embedded in Araldite D (Aero Research, Duxford, Cambridge). In some experiments the layer of 
MgO was replaced by aluminium foil. The purpose of the sphere was to allow light to reach the 
solution from all sides as equally as possible and so to reduce differences in illumination within the 
cell due to the absorption of the solution. 

(6) Shutter. The photomultiplier was protected from the flash by the rotating shutter S, which 
covered the entrance to the multiplier housing for a period of about 0-5 msec and which served 
also to fire the flash and to trigger the oscillograph time-base, The shutter was an aluminium disk 
0-125 in. thick and 10 in. in diameter driven at 3000 rev/min by a synchronous electric motor (/) 
mounted on a wall bracket. The observation beam was interrupted by an adjustable sector pro- 
truding beyond the disk proper. As the interruption of the beam produced an electrical pulse in 
the photomultiplier output, which tended to overload the amplifier circuits of the oscillograph, 
a second light source (Z,) and photomultiplier (M,) were set up opposite the disk from which 
a sector was cut. When the first photomultiplier was switched off by the shutter interrupting the 
observation beam, the second photomultiplier was switched on by the beam of light from the 
second source passing through the sector cut out of the disk. In this way a steady output voltage 
was provided which did not cause overloading of the oscillograph. 

(c) Switching. The flash tube circuits followed conventional photographic practice exactly (see 
Mullard leafiet GOR/Finsh 754-5). The primary circuit of the trigger coil was led through the 
contacts of the Cossor 1049 oscillograph camera and then to the frame of the motor driving the 
shutter disk. The disk carried a moving contact which touched a light phosphor- bronze spring arm 
at each rotation and this spring arm completed the trigger circuit, firing the flash at the moment 
when the shutter obscured the entrance slit to the recording photomultiplier. An additional lead 
from the trigger coil to the oscillograph initiated the time-base sweep at the same time that the 
flash was fired. 

(d) Photomultipliers. The recording photomultiplier (M,) was an E.M.I. type 5659, and the 
compensating multiplier an R.C.A. 931A. Both were supplied from a pile of dry batteries, the 
voltage applied being used as a sensitivity control. The d.c. potential due to the constant com- 
ponent of the multiplier output was balanced with a potentiometer and dry battery placed in the 
final anode lead. This potentiometer served to adjust the spot on the oscillograph screen before 
taking the photographic records. 

(e) Recordings. The photographs were made on Ilford 5B 5G non-colour sensitive recording 
film. Using this film, a piece of clear yellow safe-light gelatine film can be fixed permanently in 
the inspection aperture of the oscillograph camera, It is then possible to see the trace at the same 
time as the photograph is taken. This simple modification has added greatly to the convenience 
and confidence with which the apparatus may be used. 

(f) Variation in flash intensity has been obtained in two ways: (i) by dissipating 100 and 25 J, 
using the same voltage and varying the size of the storage capacitors; (ii) by covering the flash tube 
itself with an aluminium foil shield. It would seem logical to use a blackened screen for this 
purpose, but black paper screens were scorched by the flash, This happened because, although 
the release of luminous energy is small, it is highly concentrated in time, and the conductivity 
of the paper is not sufficient to allow the energy absorbed to spread through the thickness of the 
paper without an excessive rise in temperature. 

(g) Absorption cells, It was felt desirable to keep the maximum optical density of the solutions 
used, at any point in the spectrum, down to about 0-5. If this condition is to be met with haemo- 
globin when using | cm cells, the dilution required is about 1 : 2000 of whole blood. As so great 
a dilution is undesirable, Perspex cells were constructed with a solution depth of 1-5 mm. It was 
found convenient to attach these cells with a gas-tight seal to a Perspex tonometer (7') which 
could be filled with the gas mixture required. 


Materials 
The myoglobin was prepared by the method of Keilin & Schmid (1947) and was thrice recrystal- 
lized. The concentration of solutions was determined with a Unicam SP 600 spectrophotometer 
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using Drabkin’s (1949) extinction coefficient for metmyoglobin cyanide of ¢ SOM _ 11.5, All the 


experiments described here were carried out using 0-1 m-phosphate buffer, pH 7-1. The methods 
used for handling the solutions and the preparation of the gas mixtures were those of Gibson & 
Roughton (1955). 


RESULTS 
Efficiency of photodecomposition 
Since the arrangement of flash tube and cell within an integrating sphere as 
shown in Fig. 2 does not lend itself to the variation of light intensity over 
a wide and measured range, the flash tube was mounted temporarily beside 
the photolysis cell (in this case of square section and 1 cm side), the flash tube 
being covered with aluminium foil except for a window opposite the photolysis 
cell. The effective light intensity could then be varied by introducing partially 
reflecting metal films between the flash tube and cell. The results of an experi- 
ment of this kind are shown in Table 1. A solution containing 0-004 mm-carb- 
oxymyoglobin (COMgb) and 0-13 mm dissolved CO was illuminated with 
flashes of varying intensity and the resulting change in optical density at 
430 mp, which is a measure of the amount of COMgb dissociated, was recorded. 


Taste 1. Effect of varying light energy on myoglobin breakdown. Myoglobin 0-004 mm in 
0-1 m phosphate buffer, pH 7-4; interference filter with maximum transmission at 432 my; 
18-7° C, 1 om cell 


1 0-119 
0-25 0-117 
0-08 0-109 
0-02 0-053 


It was found that cutting the light down to 10% of its maximum intensity did 
not greatly reduce the amount of COMgb broken down, but further reduction 
in intensity below 10° was accompanied by a rapid fall in the amount of 
photodecomposition observed. This finding suggests that at the higher light 
intensities almost all the COMgb was broken down by the flash. It was found 
that breakdown remained almost complete when 2 mm thickness of either 
Chance OB1 or OY 1 glasses were used to screen the COMgb solution from the 
flash. This again suggests that the unscreened flash was sufficient to produce 
satisfactory dissociation. 


Uniformity of illumination within the cell 
This cannot be assessed by simple experimental tests, but calculation shows 
that with a total optical density of 0-5 and with the cell illuminated equally 
from both sides, the ratio of the light reaching the centre of the cell to that 
reaching the surface of the solution is as 1 is to 1-2. Since an optical density of 
0-5 for the whole thickness of the solution was reached only at the ——e 
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of peak absorption of COMgb, it follows that the effective difference in illu- 
mination between the surface and the centre of the solution is substantially 
less than indicated by this ratio. 


Combination of myoglobin with CO measured by flash photolysis 
A number of experiments have been carried out to determine the value of 
the combination velocity constant for whale myoglobin and to show that the 
reaction is described accurately by the equation 
dz/dt —2] [B —2], (1) 
where z=[COMgb], «=[CO] in physical solution at t=0, 8 =concentration of 
reduced myoglobin (Mgb) at ¢=0, and I’ is the combination velocity constant. 
Inspection of the integrated form of (1) 
Bla z) | 
Vt=1/(a—8) (2) 
shows that a straight line of slope (l’) should be obtained on plotting 


1/(a-— = against 


The lowest line of Fig. 3 shows that this relation is satisfactorily obeyed over 
a wide range of saturation with CO. 


j 
Time (msec) 


Fig. 3. The combination of myoglobin with carbon monoxide after varying proportions of the 
_ earboxymyoglobin present have dissociated in the flash. Myoglobin 0-02 mm, carbon 
monoxide 0-10 mm, 0-1 m phosphate buffer, pH 7-1; 22-8° C; mean wave-length of recording 
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Further, since myoglobin contains only one iron atom, there is no possi- 
bility of intermediate compound formation of the type suggested by Adair 
(1925) and the same velocity constant should be obtained whether all, or only 
a part of, the COMgb molecules have been caused to dissociate in the light. 
The upper lines in Fig. 3 show the results of experiments in which 60 and 20% 
of the COMgb was caused to dissociate.. The same value for the velocity 
constant was obtained as in the experiment where all the COMgb was broken 
down as shown by the similar slope of all three lines. This result is of special 
importance in that similar experiments with carboxyhaemoglobin have 
yielded quite different results, the initial rate of recombination of CO with the 
haemoglobin varying markedly with the proportion of the carboxyhaemo- 
globin dissociated. 
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Fig. 4. Test of the expression 1't—1/(« - p) In £12"), showing the effect of varying the concen- 


tration of carbon monoxide. z =[COMgb], a =[CO], 8 =([reduced Mgb],’ bination velocity 
constant, ¢ = time (sec). 


A further test of equation (2) may be made by varying the concentration 
of the reactants, When this is done, the ratio A{in ares / At should vary 


a(B —z) 
directly with the difference in concentration between the reactants, a—f. 
Fig. 4 shows the results of an experiment in which the concentration of CO was 
varied between 0-034 and 0-675 mm. It is clear that a satisfactory linear 
relation exists over the twenty-fold range of CO concentration examined, 
i.e. that the same value for the velocity constant (I’) was obtained throughout. 
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Comparison between stopped-flow and flash photolysis methods 

For these experiments solutions of reduced myoglobin were prepared by 
diluting the stock myoglobin preparation with deaerated phosphate buffer, 
and a part taken to be mixed with CO solution in the rapid-flow apparatus. 
After the flow experiment had been carried out, the remaining myoglobin 
solution was shaken with a gas phase containing a suitable partial pressure of 
CO, and then examined in the flash apparatus. The results of one experiment 
are shown in Fig. 5. Not only does the similarity of the slopes show that the 


1/(a—B).1n a(A-2) 
oa 
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Fig. 5. Comparison between stopped-flow and flash photolysis methods in determining the velocity 
of the reaction Mgb+CO-MgbCO. Flow method: [(CO]=0-085 mm (after mixing), 
[Mgb]=0-01 mm; 23-5° C, pH 7-1. Flash method: [(CO]=0-127 ma, [Mgb] =0-02 mm. Light 
of mean wave-length 432 my in both cases. +, points by stopped-flow method; O, points by 
flash photolysis method. 


same value of the velocity constant is given by the two methods, but the close 
fit of the experimental points to a straight line indicates that the form of the 
reaction records yielded by both methods is the same. It is of some interest to 
note that the absolute value of the velocity constant is considerably higher 
than that found for horse myoglobin by Millikan (19365). The present experi- 
ments, carried out during the recent unusually warm summer, are not directly 
comparable with Millikan’s, but the value ofl’ at 19° would probably be about 
5-5 x 10° 1./mole sec. This compares with the value of 3 x 10° 1./mole sec given 
by Millikan. Thus, although the myoglobin molecule is smaller than that of 
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haemoglobin, and necessarily simpler in that no haem-haem interactions can 
occur, quite substantial species kinetic differences may be present. In this 
connexion it is unfortunate that the local whale-meat vendor was unable to 
say from what species of whale the meat had been derived. 


Combination of myoglobin with oxygen 

The flash photolysis method is by no means limited to the study of the com- 
bination of myoglobin with carbon monoxide. It is easily possible to obtain 
values for the combination of myoglobin with oxygen by diluting a solution of 
COMgb with buffer containing a definite small amount of O, in physical solu- 
tion. On exposure to the flash, the CO in combination is set free, and the Mgb 
combines with both O, and CO at rates initially determined by the concentra- 
tions of, and the combination velocity constants for, these gases. As the com- 
bination velocity constant for O, (k’) is about 30 times greater than I’, it is easy 
to choose conditions so that combination with oxygen is the predominating 
reaction. After the initial phase of rapid combination with O, and CO is over, 
the combined O, is gradually replaced by CO (because the dissociation con- 
stant for COMgb is very much less than the corresponding constant for 
O,Mgb), and the system returns to its original point of equilibrium over 
a period of a few seconds. In an experiment of this kind, the stock metmyo- 


- globin solution (c. 0-1 mm) was reduced with the minimal amount of solid 


Na,8,0, and then rotated with air for a few moments until its colour changed 
to that of O,.Mgb. It was then rotated in a tonometer with 50 mm Hg partial 
pressure of CO. The COMgb solution was diluted with 100 volumes of phos- 
phate buffer pH 7-1 which had been shaken with 10 mm Hg partial pressure of 
O,, and the solution transferred to an observation cell without a gas phase. 
After exposure to the flash the half-time of the recombination change in optical 
density at 432 mu was 2-4 msec, and calculation over two initial periods of 
0-82 msec each gave k’ as 1:22 and 1-28x10"1./mole sec respectively. On 
adding a trace of Na,S,0, and repeating the experiment, the observed half-time 
was about 150 msec, corresponding to a value of I’ of about 7 x 10° l./mole sec 
at 22° C. The value for oxygen combination is quite similar to that obtained by 
Millikan (19366) for horse myoglobin. 


DISCUSSION 
The results presented in the experimental section of this paper have shown 
that myoglobin behaves in its reaction with carbon monoxide as predicted by 
th i 
— d(Mgb)/dt =1'[CO} [Mgb). 


The value of I’ obtained by the photochemical method agrees, within 
experimental error, with that yielded by the rapid flow method, thus providing 
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strong evidence that both methods are valid. Such confirmation of the essen- 
tial soundness of the rapid flow technique, while scarcely necessary in view of 
the many and varied control experiments carried out since its invention, is 
none the less welcome, for the two methods compared are almost entirely 


_ independent, sharing only the use of optical recording to follow the reaction. 


Experimental support was, however, quite essential for establishing the 
soundness of the present application of flash photolysis, for, if the results had 
deviated from expectation, it would have been possible to explain the differences 
by supposing, for example, that after photochemical removal of a CO molecule 
the myoglobin molecule remained in an excited state. It may be noted that 
Roughton (1934) did not find photochemical after-effects in the slower reaction 
of the displacement of oxygen by carbon monoxide, and also found agreement 
between the results of flow and photochemical procedures, 

The flash photolysis method offers a number of special advantages in the 
study of haemoglobin kinetics. It is, first, the most economical procedure so 
far devised, since a single portion of about 1 ml. of a solution equivalent to 
mammalian blood diluted 1:400 is sufficient for a full series of determinations 
of O, and CO combination rates as well as the rate of dissociation of oxygen 
from the saturated pigment. The advantage in comparative studies of haemo- 
globins is obvious, since it should be quite possible to work satisfactorily with 
the blood, for example, of a single earthworm. 

Secondly, interesting possibilities exist in cases where interaction takes 
place between haem groups, for, by using flash photolysis, known mixtures of 
intermediate compounds can be produced and their reaction with carbon 
monoxide examined. This possibility has already been realized, in part, and in 
a following paper an account is given of the direct determination of |,, the 
combination velocity constant for the reaction 

Hb,(CO), + CO + Hb,(CO),. 

It is hoped that similar direct determinations may be possible for oxygen, 
where mixtures of intermediates may be prepared by mixing oxy- and carboxy- 
haemoglobins in the presence of known partial pressures of O, and CO. The 
initial recombination rate could then be used to distinguish certain of the 
oxygen combination velocity constants. 

A further series of reactions is accessible to the combination of an elementary 
type of mixer with the flash photolysis apparatus. Thus, for example, if NO is 
mixed with COHb, the displacement reaction takes place only slowly at a rate 
determined chiefly by 1,, the velocity constant for the reaction 


Hb,(CO), > Hb,(CO), + CO 
which has a half-time, under ordinary conditions, of about 1 min. By illu- 


minating a freshly prepared mixture with a flash, the CO would be displaced 
suddenly and combination of the reduced haemoglobin with NO would take 
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place at a rate determined by the combination velocity constant for this 
reaction. 

Another advantage is that observation can begin very soon after the initia- 
tion of the reaction. In the present apparatus the dead time is about 0-6 msec, 
which compares with the best results so far obtained by flow methods. Further, 
as the fluid is stationary, turbidity, cavitation and mechanical vibration do not 
disturb the results, nor is the viscosity of the medium limiting. 

Although this paper is concerned with the reactions of myglobin, the use of 
the method is by no means limited to that field. Among the enzymes, the 
cytochrome oxidase forms a light-sensitive carbon monoxide compound and 
the use of flash photolysis methods should allow direct observation of its 
reactions with oxygen and with carbon monoxide. It seems certain at least 
that, unless unforeseen difficulties arise, considerable progress in the field of 
haemoglobin kinetics will be possible with its aid. 


SUMMARY 


1. An apparatus is described for flash photolysis of solutions of carboxy- 
haemoglobin. 

2. It has been applied to determine the velocity of combination of carbon 
monoxide with whale myoglobin. 

3. The results have been shown to agree closely with those expected for 
a simple second-order reaction. 

4. The rates observed for the reaction by the method of flash photolysis and 
by the stopped-flow method have been found to be the same. 

5. Some possible applications of the method are discussed. 


It is a pleasure to acknowledge the aid of the Medical Research Council, of the Research Fund 
of the University of Sheffield, and of the Royal Society towards the cost of this work: and of 
Dr 8. R. Elsden in providing the myoglobin. 
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THE DIRECT DETERMINATION OF THE VELOCITY 
CONSTANT OF THE REACTION Hb,(CO),+CO-—Hb,(CO), 


By Q. H. GIBSON St 
From the Department of Biochemistry, University of Sheffield 
(Received 2 May 1956) 
According to the intermediate compound hypothesis of Adair (1925) combina- 


tion between carbon monoxide and haemoglobin takes place in four stages: 


Hb, +CO=Hb,00, (1) 
Hb,CO +CO=Hb,(CO),, (2) 
Hb,(CO),+CO=Hb,(CO),, (3) 
Hb,(CO),+CO=Hb,(CO),, (4) 


where 1,, and l, are the combination velocity constants, |, , 1, and are 
the dissociation velocity constants and L,, L,, L, and LZ, the equilibrium 
constants for the intermediate stages. Adair’s formulation became necessary 
following his demonstration that each molecule of haemoglobin contains four 
atoms of iron rather than a number varying between two and three as had 
earlier been supposed. For many years little practical use was made of equa- 
tions (1) to (4), not because they were incompatible with the experimental 
results available, but because many different sets of values could be assigned 
to the constants, any one of which would give agreement within experimental 
error between theory and observation. This was true both of kinetic and 
equilibrium studies. 

In recent years the precise work of Roughton and his school on the oxygen 
dissociation curve (Roughton, 1954; Roughton, Otis & Lyster, 1955) and on 
the upper end of the carbon monoxide dissociation curve has allowed close 
limits to be set to the values of certain of the equilibrium constants. This 
advance has led to renewed interest in the thoroughgoing application of 
equations (1) to (4) to the kinetics of these reactions, and Gibson & Roughton 
(1956) have given an account of kinetic work in which the over-all course of the 
reaction between reduced haemoglobin and carbon monoxide was followed in 
a stopped-flow apparatus. The resulting kinetic curves were then fitted with 
appropriate equations derived from (1) to (4), and the values of the combina- 
ticn velocity constants thus determined. 
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In spite of the greater precision of the new kinetic experiments (as compared 
with those previously available) such a procedure would have been impossible 
without an independent estimate of 1,, which was obtained indirectly by 
combining Roughton’s (1954) determinations of L, with values for |,. 

The present paper describes a direct determination of [4 which is of interest 
not only because of its bearing on the problem of fixing the values of the 
intermediate constants for carbon monoxide combination, but more generally 
because it offers a direct and dramatic confirmation of the differences between 
the properties of the intermediate Hb,(CO), and those of intermediate com- 
pounds containing fewer molecules of CO. These differences, which have now 
been observed directly, have been found to be at least at pH 9-1, of the order 
predicted by Gibson & Roughton (1956) as a result of their mathematical 
analysis. 

METHODS 

The flash photolysis apparatus used was that described by Gibson (1956) in a preceding paper. The 
preparation of the blood and buffers and the handling of the solutions were carried out as described 
by Gibson & Roughton (1956) except for the experiments using nitric oxide which were carried out 
as follows: nitric oxide haemoglobin was prepared by allowing the stock reduced haemoglobin 
solution to react with NO. Excess NO was then removed with a filter-pump and the solution 
repeatedly evacuated until the blood boiled, vigorous shaking being maintained for 5 min. The 
tonometer was finally filled with O,-free N,. Carboxyh globin was prepared similarly, except 
that the solution was evacuated only briefly (30 sec) before : filling the tonometer with N,. The 
mixtures of COHb and NOHb required were prepared by filling clean dry tonometers with N, and 
transferring to them the required volumes of COHb and NOHb from burettes where the solutions 
were confined over mercury. 

The mixtures were then heated to 40-45° C for an appropriate time (usually 15 min) to establish 
equilibrium between the intermediate compounds containing NO and CO, and finally diluted with 
0-05 m-borate buffer pH 9-1 to a total pigment concentration of about 0-08 mm. Portions were 


transferred to the observation cell of the flash apparatus, equilibrated with the required gas 
mixture and examined as usual, 


THEORY OF THE METHODS 
Method 1. Variation in flash intensity 
As is well known, carboxyhaemoglobin is sensitive to light, dissociating into 
reduced haemoglobin and carbon monoxide. According to the intermediate 
compound hypothesis this dissociation will take place in four steps corre- 
sponding to equations (4) to (1) with the formation, successively, of Hb,(CO),, 
Hb,(CO),, Hb,(CO) and Hb,. In calculating the quantity of each intermediate 
formed when the amount of light applied is not enough to displace all the com- 
bined CO it has been assumed that the quantum yield is the same whichever 
intermediate compound is being irrradiated. This assumption is supported by 
the work of Buecher & Negelein (1941-2) who found that the quantum 
efficiency of CO dissociation from COHb remained the same in mixtures of 
oxy- and carboxy-haemoglobin when the proportions of each were varied. 
Their solutions contained mixed molecules of the form Hb,(O,),, (CO)g_» (se¢ 
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Gibson & Roughton, 19554) so that, in their case, variation in n did not 
influence quantum yield. Although conditions in the present experiments 
differ from those of Buecher & Negelein, the parallel is sufficiently close to 
substantiate the assumption of independence between individual haem groups. 

With this assumption, if p and g are the amounts of CO remaining in 
combination and which have dissociated respectively, then the amounts of 
each intermediate are given by the successive terms in the expansion of 
(p+q)*, the first term representing Hb,(CO), and so on (see Appendix). The 
proportions of the various intermediates present at different percentage 
dissociations of CO are shown graphically in Fig. 1. 


20 40 60 80 100 
COHb broken down (%) 


Fig. 1. The variation in the proportions of intermediate compounds present when carboxy- 
haemoglobin is caused to dissociate to varying degrees by a brief flash of light. 


This calculation neglects the finite length of the flash, which lasts effectively 
for 0-2-0-3 msec. Such neglect is only justified if the half-time of the most 
rapid recombination reaction is considerably longer than 0-3 msec. In the 
present work this condition has been met by adjusting the concentrations of 
the reactants so that the shortest half-time measured has been of the order of 
5-10 msec. 

Caleulation of I,. As Fig. 1 shows, the ratio of Hb,(CO), to lower inter- 
mediates (i.e, those with less combined (0) increases rapidly as the percentage 
of carboxyhaemoglobin broken down decreases. In measuring |, it is therefore 
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clearly desirable to work with the least practicable percentage breakdown of 
carboxyhaemoglobin. It has been possible to make measurements with as 
little as 5-10% dissociation. With 5% dissociation the solution contains 
81-45% Hb,(CO),, 17-15% Hb,(CO);, 135% Hb,(CO), and only of 
other intermediates. Similar calculations for 10% dissociation of COHb show 
that the solution then contains 65-61% Hb,(CO),, 29-16% Hb,(CO),, 
4-86% Hb,(CO), and 0:37% of other intermediates. The initial rate of 
recombination of CO in each case may thus reasonably be taken as 


— d[CO}/dé =, [Hb,(CO),_] [CO] + [CO] (5) 
if the lower intermediates, amounting to 0-05 and 0-37% respectively, be 
neglected. 

It is possible to substitute numerical values in (5), obtaining — d{[CO)/dé and 
the percentage of carboxyhaemoglobin broken down from the oscillograph 
traces, while the concentrations of the intermediates Hb,(CO), and Hb,(CO), 
are obtained by calculation from the proportion broken down, and the total 
concentration of carboxyhaemoglobin is determined spectrophotometrically 
on a portion of the solution. The concentration of CO in solution is initially 
equal to that originally present in physical solution plus that caused to 
dissociate by the light flash, leaving J; and J, as the only unknowns in (5). By 
substituting in (5) for two different proportions of carboxyhaemoglobin break- 
down the two constants are, in principle, calculable. In practice, the initial 
value of —d[CO}/dt depends effectively only on the term ),{Hb,(CO),] [CO] in 
the range of dissociation of COHb from 0 to 20%. This offers direct evidence 
that /, is much greater than |; , as has indeed already been suggested by Gibson 
& Roughton (19554). Although this finding simplifies the calculation of |,, the 
corresponding disadvantage is that 1; is not obtainable from simple measure- 
ments of initial values of —d[CO}/dt, but would require for its evaluation 
mathematical analysis of the time-course of the over-all reaction. 


Method 2. With nitric oxide haemoglobin 

Gibson & Roughton (1955a) have shown that when three of the four gas- 
binding groups of a mammalian haemoglobin molecule have already combined 
with ligand molecules, the rate of combination of ligand with the fourth 
gas-binding group is determined only by the nature of the fourth ligand 
molecule and is independent of the nature of the three molecules already 
combined. It should thus be possible to determine i, directly by exposing 
mixtures of NOHb and COHb to the flash and observing the rate of recom- 
bination of CO, provided that the proportion of NOHb to COHb is such that, 
on dissociation of the COHb, only small amounts of compounds with more than 
one free gas-binding group are formed. In practice this condition cannot be 
satisfied and it is necessary to allow for the presence of Hb,(NO), as well as 
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Hb,(NO),. The calculation is formally exactly parallel to that in Method 1, 
since Gibson & Roughton (19552) have shown that the distribution of a mix- 
ture of ligand molecules among the gas-binding groups of haemoglobin is 
random, provided that sufficient ligand is present to make the numbers of 
free gas-binding groups negligible: Thus if p is the proportion of HbNO and 
that of HbCO, then the amounts of Hb,(NO),, Hb,(NO),0O, Hb,(NO),(CO),, 
Hb,(NO) (CO);, and Hb,(CO), will be given by successive terms in the expan- 
sion of (p+q)*. The equivalent of equation (5) is 


—d[CO}/dt Hb,(NO),][CO} + (6) 


in which [yng is, however, not necessarily equal to /;. In equation (6) n’ is used 
to denote the presence of NO molecules and to distinguish the combination 
constants of the mixed molecules from those employed in equations (1) to (4). 

Although Method 2 is limited in principle as well as in practice to the 
evaluation of 44, the agreement with Method 1 adds greatly to the assurance 
with which the assumptions of Method 1 may be accepted, particularly with 
regard to the distribution of intermediate compounds. 


RESULTS 
The determination of I, 
On cutting down the energy supplied to the flash tube the time-course of the 
recombination reaction changes markedly. The general nature of the effect is 
shown in Fig. 2 where the time-course of the reaction is plotted for two different 
degrees of dissociation of COHb. The figure, which represents directly the 
traces observed on the oscillograph screen, does not show the full effect of 
varying the proportion of COHb broken down by the flash as it does not take 
into account the smaller amount of CO present when the smaller amount of 
COHb is caused to dissociate. To take account of this the overall velocity 
constant I’ in the familiar equation for a second-order reaction has been used 


da/dt (B—2) (7) 


where 2=[OCOHb], «=[CO] at B=[Hb] at and /’ is the second-order 
velocity constant. The change in value of I’ with variation in the proportion 
of COHb broken down. is represented in Fig. 3. The initial value of /’ in (7) 
varies between the upper limit 1; as the proportion of OOHb broken down 
approaches zero, and the lower limit 1{/4 as it approaches 100%; values for 
these limits are suggested on the figure. The difference between these limits is 
& valid measure of the difference in behaviour between the first and further 
molecules of carbon monoxide to combine with mammalian haemoglobin. 

A number of determinations of 1, have been made on different blood samples 
at pH 9-1 and also at pH 7-1. The results of these experiments are given in 
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Table 1. The mean value of |, at pH 9-1 and 19° C of about 7000 mm- sec"! 
is substantially lower than the estimated value of 11,600 mm~ sec~ obtained 
by Roughton (1954) as the product of ZL, and |,. It seems likely that the 
greater part of the difference is due to the value of 0-04 sec used by Roughton 
for 1,. Recent determinations on sheep blood from the Sheffield slaughter- 
house (Gibson & Roughton, unpublished) suggest that a value of 0-026 sec-! 
may more nearly represent a fair average. With this new value for |,, the 
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Fig. 2. The observed rate of recombination of CO with reduced haemoglobin 
when two different amounts of CO have been split off by exposure to light. 


estimated value of 4, using Roughton’s value of 2-9x105 for L,, is 
7600 mm~ sec~!, which agrees excellently with the value of 6900 obtained 
by direct determination; particularly when it is borne in mind that L, has 
shown a large variation from one individual to another and that each of the 
three series of determinations (of L,, 1,, and ,) was carried out at different 
times and on different samples of blood. | 

The relatively slight effect of pH does not agree, however, with Roughton’s 
tentative conclusion that % at pH 7*1 is only about one-third of the value at 
pH 91; if the new figure for |, is accepted an upward revision of Gibson « 
Roughton’s (1955a) estimate of the combination con- 
stant is necessary. 
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Fig. 3. Changes in the value of the second-order velocity constant for the combination of reduced 
haemoglobin with carbon monoxide when the proportion of COHb broken down by the 
photolysis flash is varied. The dotted lines indicate the limiting rates equal to Ij and 1j/4, 
which would be reached as the proportion of COHb broken down tended to 0% and 100% 
respectively, Borate buffer pH 9-1, 16-5° C. 

Values of the combination velocity constant for the reaction 
Hb, (CO), +CO Hb,(CO), 
I, observed i, at 19°C 
Tem- sec~*) sec~*) 
- (°C) (mm) pH 7:1 pH 9-1 pH 7-1 pH 91 
20-5 0-022 — 10,000 8800 
ned 23-5 0-020 7200 11,000 5000 7700 
has 26-8 0-021 11,100 6000 
24-0 0-023 9,000 6100 
the 22-8 0-028 5300 7,100 4000 5300 
rent 24-5 0-033 7400 7,500 4800 4900 
19-0 0-031 6800 9,400 6800 9400 
Average 5200 . 6900 
on’s The values of % at 19° C given in the last two columns of the table were calculated using the 
e at temperature coefficient given by Gibson & Roughton (1955). The values at pH 9-1 were obtained 
n & using 0-05 m-borate buffer, at pH 7-1 0-1 m-phosphate buffer. The concentrations of reduced 
re haemoglobin and of carbon monoxide after exposure to the flash were the same. Light of mean 
wave-length 432 my, 0-14 cm cell. 
3 PHYSIO. CXXXIV 
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Over the rather small number of samples examined, |, appears to be some- 
what less variable than L,, but, as it is not known if J, and |, are correlated, 
this reduced variability need not necessarily reflect a real difference in the 
samples examined. 

Sources of error 

It is desirable to consider the sources of systematic error inherent in the 
methods used. One obvious danger is that of contamination of the solutions 
with oxygen, which on combining with haemoglobin will produce an observed 
optical density change about one-half as great as that corresponding to the 
combination of the same amount of carbon monoxide. The concentration of 
COHb used in many of the experiments of this paper (about 0-025 mm) 
corresponds to a partial pressure of CO of 20 mm Hg: with 5-10% photo- 
chemical dissociation of COHb, the partial pressure of CO in solution at the 
beginning of the recombination reaction is from 1 to 2mm Hg. Since k; is 
three times greater than J, (Gibson & Roughton, 1955a), it is clear that 
a partial pressure of 0-1 mm Hg oxygen would increase the apparent initial 
rate of recombination of Hb with CO by about one-eighth. On several 
occasions experiments were carried out with and without small amounts of 
Na,8,0,, and the same rate was observed in both trials, suggesting that the 
technique used for handling the solutions was adequate for its purpose. 

A second danger is that the observation beam might break down a signifi- 
cant amount of COHb, producing an equilibrium concentration of CO in 
physical solution which would be available to increase the initial rate of 
recombination after exposure to the flash. It was found that if unfiltered 
light from the 24 W tungsten lamp passed through the solutions an equilibrium 
partial pressure of CO of 1-2 mm Hg was produced, so an additional filter of 
2 mm Chance OB1 (deep blue) glass was placed before the observation cell, 
cutting down the photochemically active light to a safe level. 

A third source of error arises from the risk that in attempts to remove 0, 
completely from the solutions CO may also be lost, thus reducing the initial 
COHb concentration below that estimated from the spectrophotometric 
determination of total pigment. The effect, to a first approximation, would be 
to reduce the value of J, in proportion to the loss of CO from the solutions. 

The errors resulting from these three causes may be reduced by varying the 
conditions under which the determinations are made; in particular, by raising 
the concentration of CO in physical solution, the first and second difficulties 
are reduced and the third eliminated. A new difficulty appears, however, in 
that the observed rate is increased in proportion to the CO concentration and 
the calculation of concentrations of intermediates becomes less certain. A num- 
ber of experiments have, however, been carried out with an increased CO 
concentration and have yielded results in agreement with those of Table 1 (see 
Table 2). The results of repeated determinations on the same solution are also 
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given in Table 2. In considering the size of this individual variation it should 
be pointed out that the total change in COHb concentration is pethaps 
0-002 ma, and if the first tenth of the reaction record is measured to give an 
estimate of the initial rate, the measured change corresponds to 0-0002 mm: 
thus an error of 10% in the rate constant will correspond to an error of 
0-00002 mm in the estimation of the COHb concentration. Expressed in 
another way, a 10% error corresponds to the change in light absorption when 
a film 0-062 in. thick of blood diluted 1:400,000 is converted from reduced 
haemoglobin to carboxyhaemoglobin. With this limitation in mind, it is 
considered that the individual values in Table 2 show satisfactory agreement 
with one another and with the values in Table 1. | | 


TaBLE 2. The determination of 4 in the presence of 20 mm Hg partial pressure of CO 


COHb de- 
observed at 19°C 
(%) sec") (ma? sec~*) 
A. Total pigment 0-104 mm, 17-3° C, pH 9-1 borate, 8-3 5700 6500 
0-027 mam-CO in physical solution at equilibrium 6-4 5600 6400 
47 4800 5500 
3-9 5300 6000 
B. Total pigment 0-100 mm, 21° C, pH 9-1 borate, 8-1 7300 6200 
0-026 ma-CO in physical solution at equilibrium 6-2 7500 6400 
4-5 8700 7400 
4-2 7500 6400 


Comparison of Method 1 (COHb only) with Method 2 (COHb/NOHb miztures) 

The practical application of the nitric oxide method for determining |, is 
difficult because of the slowness with which nitric oxide dissociates from com- 
bination with sheep haemoglobin, the half-life at 20° C and pH 9-1 being about 
6 hr (Gibson & Roughton, 19555). After mixing COHb and NOHb it is necessary 
to allow at least five half-lives of NOHb to pass before it can be assumed that 
the distribution of CO and NO molecules among the haem groups is random. 
In the first. experiments mixtures of COHb and NOHb were kept for several 
days at room temperature, and under these conditions it was repeatedly found 
that /, by the NOHb method was 20-30% lower than the value obtained from 
the COHb method using freshly prepared solutions. 

The temperature coefficient of the reaction Hb,(NO) > Hb,(NO),+ NO is 
unusually high, Gibson & Roughton (19556) giving Q,,=5:5, and by heating 
the COHb-NOHb mixtures to 40° C the half-time for the redistribution of CO 
and NO molecules can be reduced to a few minutes. It was found that 
determinations of lj by the NOHb method carried out by heating the mixtures 
for a relatively brief period to 40-45° C before examination in the flash 
apparatus agreed within experimental error with those by the COHb method. 
A full set of results for one experiment is given in Tabie 3. 
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Tasux 3. Determination of /, in mixtures of COHb and NOHb and in solutions of COHb only 


COHb de- 
com observed at 19° C 
A. NOHb yg mixture. Total pigment 0-103 mm, 93 8100 6900 
Hb, 95% NOHb, 0-05 m-borate 79 5500 4500 
, 21° C, 0-026 mu 70 8300 6800 
51 7700 6300 
20 7100 5800 
Average 6100 
B. COHb alone. Total pigment 0-097 ma, 0-026 mu-CO 8-0 8000 7400 
poh oe goers solution, pH 9-1, 0-05 m-borate buffer, 5-8 7100 6600 
C. Determinations on the same sample of sheep 3-9 _ 8100 7500 
blood as above. 3-7 8400 7700 
Average 7300 
DISCUSSION 


Although the intermediate compound hypothesis follows logically from the 
demonstration that the molecular weight of haemoglobin is 66,000, all 
previous attempts to show the existence of the intermediate compounds 
directly have been unsuccessful. There is, for example, apparently no spectro- 
photometric difference between the different intermediate compounds, and 
a mixture of oxy- and reduced haemoglobin behaves as though only two 
compounds were present, although Adair’s (1925) hypothesis requires the 
presence of five. 

The experiments reported here appear to offer the most striking and direct 
evidence of the existence of intermediate compounds so far obtained. They 
were designed, using the intermediate compound hypothesis, to observe the 
high rate of combination of Hb,(CO), with CO predicted from Roughton’s 
(1954) equilibrium measurements and Gibson & Roughton’s (1955a) kinetic 
observations on the over-all reaction of carbon monoxide with sheep 
haemoglobin. 

The results have confirmed directly the earlier statements of Gibson & 
Roughton (1955a) that after three molecules of CO have combined there is 
a marked change in the behaviour of the molecule so that the last molecule to 
combine does so some seventy times faster than the first three. 

In the present experiments, mixtures of intermediate compounds have been 
prepared photochemically and the initial rate of recombination used to yield 
values of 4. It would seem, at first sight, that similar information could be 
obtained by mixing solutions containing COHb and Hb with excess CO in 
a flow apparatus. Such solutions must contain partially saturated inter- 
mediates similar to those produced photochemically, and variations in the 
initial rate of combination of CO with the free gas-binding groups similar to 
those shown in Fig. 3 would be expected. Experiments of this kind have 
already been reported by Legge & Roughton (1950) who mixed 0-25 mm-CO: 
(a) with 0-25 mm-Hb, and (6) with 0-25 mu-Hb+0-05 mm-COHb. They found 
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that the course of the reaction was the same in both cases. Similar experiments, 
covering @ wider range of mixtures, were made in 1952 by Gibson & Roughton 
(unpublished) again with negative results. 

The failure of these experiments was due to two unfavourable circumstances 
which were unknown at the time, First, Roughton (1954) has shown that L, 
is very large indeed and probably much larger than the other intermediate 
compound equilibrium constants. This means that equilibrium mixtures of 
COHb and Hb contain only small concentrations of Hb,(CO),, the inter- 
mediate with kinetic properties conspicuously different from those of Hh,. 

Secondly, the value of |, is so great that, with the high concentrations of CO 
used by Legge & Roughton (1950) and Gibson & Roughton, such Hb,(CO), as 
was present would have disappeared before the flowing mixture had reached 
the point of observation. The success of the flash method is due to the possi- 
bility of preparing mixtures containing Hb,(CO), in which equilibrium has not 
been reached and in which the proportion of this intermediate is large, and to 
the shorter ‘dead-time’ of the apparatus. 

It has long been recognized that the combination of haemoglobin with gases 
is readily affected by small changes in molecular structure and environment, 
and this lability of function has been ascribed to interaction between the 
four haem groups of the molecule. So far, this interaction has only been 
assessable in quantitative terms through the very precise measurements of the 
gas dissociation curves made by Roughton and his co-workers. These pro- 
cedures are too exacting and time-consuming for wide use, so that determina- 
tions have not, as yet, been made under a wide range of conditions, The flash 
photolysis method is relatively quick and easy, and lends itself readily to wide 
variation in experimental conditions. It is hoped, accordingly, that it may 
make possible considerable extension of our quantitative information about 
haem-haem interaction. 

SUMMARY 

1. The theoretical basis for the determination of the rate of the reaction 
Hb,(CO), +CO + Hb,(CO), by a photochemical method is discussed. : 

2. Determinations of the velocity constant have been made using carboxy- 
haemoglobin alone and also in mixtures of carboxyhaemoglobin and nitric 

oxide haemoglobin. 

3. At pH 91 and 19°C the value of was 6-9 x sec™, and at 
pH 7-1 and 19°C 5-2x10® mm sec-!. These values are some fifty times 
greater than those observed for the velocity of combination of the first 
molecule of CO taken up by haemoglobin. 


I wish to thank the Medical Research Council and the Royal Society for grants which have helped 
this work, 
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APPENDIX 


Calculation of the quantities of intermediates present after exposure to the flash. The situation is the 
same as that which would arise if a population of coins showing the proportion p heads and q tails 
were to be distributed at random in groups of four. The proportion of groups with four heads will 
be p*, while the probability that a group will arise with the first place filled by a tail and the other 
three places by heads is p*g. If the order of heads and tails within the group is immaterial, any 
one of the four places may equally be occupied by a tail so the total proportion of groups con- 
taining three heads and a tail will be 4p*g. By extension of similar reasoning the frequencies of the 
other groups may be obtained and are found to be identical with the terms in the expansion of 
(p +q)*. 

REFERENCES 
Apam, 6. VI. The oxygen dissociation curve of haemoglobin. 
(1941-42). Photochemische Ausbeute bei der Spaltung des 
Kohlenoxyd-Haemoglobins. Z. 311, 163-187. 
Grasor, Q. H. (1956). An 
myoglobin with gases. 194, ll 
Grason, Q. H. & Rovenron, F. J. W. (19552). Dest oxygen 
in sheep blood solutions. Proc. Roy. Soc. B, 
Grason, Q. H. ager W. (19555). The reactions of haemoglobin with 


Grasow, Q. H. hen pete The determination of the constants of the 
four successive reactions of carbon monoxide with sheep haemoglobin. Roy. Soc. B, 
Lzoor, J. W. & Rovenron, F. J. W. (1950). Some observations on the kinetics of haemoglobin in 
solution and in the red blood Biochem. J. 47, 43-52. 


Roveutos, F. J. W. (1964). The equilibrium between carbon monoxide and sheep haemoglobin 
at very high percentage saturations. J. Physiol. 126, 359-383. 

Roventon, F. J. W., R. L. J. (1955). The determination of the individual 
equilibrium constants o intermediate reactions between oxygen and sheep haemo- 
globin. Proc. Roy. Soc. B, 144, 29-54. . 


4 4 " 
4 
¥ 
F 
> 
4 


F 


oF 


135 


J. Physiol. (1956) 134, 135-138 


THE COLLAGEN CONTENT OF THE LIVER IN —— 
AND LACTATION 


By MARGARET L. R. HARKNESS anp R. D. HARKNESS 


From the Department of Physiology, 
University College London 


(Received 9 May 1956) 


The liver of the rat undergoes hypertrophy during pregnancy and lactation 
and may double in size. It seemed of interest to compare the pattern of 
collagen formation during this natural process of hypertrophy with that found 
in liver regenerating after partial hepatectomy (Harkness, 1952; Harkness & 
Harkness, 1954a). In regenerating liver, collagen formation is slow and delayed 
compared with other changes; in pregnancy the hypertrophy was found to be 
accomplished without any significant collagen formation at all. 


METHODS 


Albino rats of the local strain were used. Pregnancy was timed by the method previously used 
(Harkness & Harkness, 19546). When the animals were required for examination they were 
killed by a blow on the head and breaking the neck. Collagen was extracted with hot trichloro- 
acetic acid (Fitch, Harkness & Harkness, 1955) and estimated from the hydroxyproline content of 
the extract by the method of Neuman & Logan (1950a). The livers were removed, weighed, 
homogenized in a small blender of the Waring type and washed into a centrifuge tube with two to 
three times their weight of distilled water. An equal volume of 0-6 m-trichloroacetic acid was then 
added and the whole well mixed and left for about 15 min. The tube was then centrifuged and the 
supernatant discarded. After addition of about four times the weight of the original liver of 
0-3 m-trichloroacetic acid, and thorough stirring, the tube was heated for 4 hr on a water bath at 
the temperature at which the trichloroacetic acid decomposes with gentle bubbling (about 90° C) 
the tube being covered with a glass ball to prevent loss of fluid by spitting. The tube was then 
centrifuged again and the supernatant removed. The solid was again extracted in the same way 
for a further half hour with hot 0-3 m-trichloroacetic acid, and then three times with the same 
solution but cold. This method was found to bring into solution about 97 % of the total hydroxy- 
proline in the liver. The combined extracts were made to a convenient volume and a sample (one- 
tenth) taken to dryness on a water bath, washed into a tube with 5 ml. of 6 x-HCl, sealed and 
hydrolysed for 4 hr at 2-8 kg/cm* pressure in an autoclave. The hydroxyproline content of the 
hydrolysate was estimated by the method of Neuman & Logar. (1950a). Before opening the tube 
for estimation of hydroxyproline it was found advisable to allow it to blow out by playing a flame 
on the end, Gases arising from residual traces of trichloroacetic acid may cause a minor explosion 
if the tubes are opened by cutting off the ends without this preliminary treatment. The quantity 
of collagen present was obtained by multiplying the quantity of hydroxyproline by 7-46 (Neuman 


_ & Logan, 19505). 
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RESULTS 
The change in liver weight and total liver collagen in pregnancy and lactation 
are given in Table 1 and Fig. 1. It is clear that there is no significant change in 
the collagen content of the liver over the period concerned, although there is 
considerable change in the weight of the liver. 


Tasiz 1. Collagen content and weight of liver at different times 


of pregnancy and lactation 

Non-pregnant Pregnancy Lactation weaning 

Time (days)... 13-15 17-22 15-22 
(13-8)* (19-3)* (18-4)* 
No. of rate 6 4 6 6 7 
22347 210+14 207 + 12 199+7 
(g) 

Body weight atdeath (g) 21149 24946 289 + 12 269 +7 249+ 6 
Wet. t of liver (g) 78403 111407 115406  13-9+40-4 9-6+0-2 
Total ofliver(mg) 118405  11-841-1 123405 124404 121408 


The estimate of variation is the s.z. of the mean. * Mean time. 


After weaning 
% 
Time (days 


Fig. 1. Collagen content and weight of liver of rat during pregnancy and lactation. The vertical 
lines indicate the standard error of the mean. 


DISCUSSION 


There are several other reports of increase in weight of the liver in pregnancy 
and lactation in the rat (Herring, 1920; Bokelman & Scheringer, 1932; Poo, 
Lew & Addis, 1939; Folley & Greenbaum, 1947). Before one can evaluate 
the accompanying absence of collagen formation it is necessary to know more 
precisely what components of the liver are involved in the increase in weight. 
The measurements by Campbell & Kosterlitz (1950) of deoxyribonucleic acid 
(DNA) indicate that the number of cells increases, but not the type of cell. 
Although the parenchymal cells predominate in volume it is unsafe to assume 
that the changes in DNA are due mainly to them since 40% of the nuclei 
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belong to other types of cell in normal liver (Abercrombie & Harkness, 1951). 
There is evidence that the increase in weight also involves other constituents 
of major functional importance such as protein and ribonucleic acid (see Poo, 
et al. 1939; Davidson & Waymouth, 1944; Campbell & Kosterlitz, 1950; 
Campbell, Innes & Kosterlitz, 1953). An exception is glycogen, the concentra- 
tion of which is reduced in the last week of pregnancy (Campbell & Kosterlitz, 
1950). It appears therefore that the increase in weight of the liver represents 
an increase in functional tissue. No collagen formation accompanies this 
functional hypertrophy. 

During normal post-natal growth of the rat, collagen formation takes place 
more rapidly than growth of the liver as a whole (Harkness & Harkness, 1954c), 
so that the concentration of collagen in the liver rises progressively with age 
and size of liver, The term collagen is here used to include reticulin, since there 
is good chemical and electronmicroscopical evidence that the basic structure 
of the two is the same (Bear, 1944; Little & Kramer, 1952; Irving & Tomlin, 
1954; Windrum, Kent & Eastoe, 1955). In liver regenerating after partial 
hepatectomy the growth of collagen is delayed behind that of the organ as 
whole. The liver is in most other respects near to normal again 2-3 weeks after 
partial hepatectomy, but its collagen content is well below normal at this time 
and indeed is still below normal at the end of 6 weeks (Harkness, 1952; 
Harkness & Harkness, 1954a). One would therefore not expect growth of 
collagen to keep pace with the hypertrophy in pregnancy, though one would 
expect rather more collagen formation than we have found between the start 
of pregnancy and involution, corresponding to the normal growth of body and 
liver during this time. The present results confirm the general rule that in 
growth processes involving rapid change in size of organs in adult mammals 
parenchymal growth and collagen formation are not closely linked, the latter 
being less rapid and extensive than the former. 


SUMMARY 
1. The effect of pregnancy and lactation, which causes hypertrophy of the 
liver, on the collagen content of the organ has been investigated in the rat. 
2. The weight of the liver increased in pregnancy and lactation and fell 
again after weaning, with no significant variation in the collagen content of the 
organ. 


We should like to thank Miss Shirley M. Fitch for her able technical assistance, and the Nuffield 
Foundation for a grant for this work. 
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SOME EFFECTS OF ADRENALINE, NORADRENALINE AND 
ACETYLCHOLINE ON THE FOETAL CIRCULATION 
IN THE LAMB 


By G. 8. DAWES, JOAN C. MOTT anp BARBARA R. RENNICK* 
From the Nuffield Institute for Medical Research, University of Oxford 


(Received 16 May 1956) 


In the mature foetal lamb most of the blood which reaches the coronary 
arteries comes from the inferior vena cava through the foramen ovale. 
A substance injected into a femoral vein will be carried up into the inferior 
vena cava, and be diluted with a large quantity of blood returning from the 
placenta; about two-thirds will pass to the left atrium, and one-third to the 
right atrium (Dawes, Mott & Widdicombe, 1954). The two-thirds which passes 
into the left atrium will be still further diluted with blood returning from the 
lungs, and will then be ejected from the left ventricle into the aorta, whence 
a small fraction may reach the coronary vessels. But a substance injected into 
a jugular vein will not reach the coronary arteries until it has passed through 
the lungs, the placenta or the lower part of the foetus. 

These considerations led to the hypothesis that substances such as adrenaline 
and acetylcholine, which are readily destroyed in animal tissues, should have 
a different effect upon the foetal heart rate and blood pressure avcording to the 
route of injection. This paper describes observations which were made to test 
this hypothesis in lambs of different gestational ages, and also describes some 
effects of sympathetic amines upon umbilical blood flow. 


METHODS 


Fifteen mature foetal lambs (>132 days gestation) and ten immature foetal lambs (67-110 days 
gestation) were used. Pregnant ewes, mainly of a Clun-Hampshire cross-breed, but including a few 
Kerry Hill, were anaesthetized with sodium pentobarbitone. The initial intravenous injection was 
supplemented by afi intravenous infusion of about 10-20 mg/kg/hr, sufficient to keep both ewe and 
lamb lightly anaesthetized. The lamb was delivered by Caesarean section and laid on a small warm 
table so arranged that the umbilical cord was not under tension. 

The blood pressure of the ewe was recorded by # mercury manometer from a carotid artery. The 
blood pressure of the foetus was recorded by a condenser manometer from a femoral artery. In the 


* United States Public Health Service Research Fellow of the National Institute of Neuro- 
logical Diseases and Blindness. 
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smallest foetuses (about 100 g at 70 days gestation age) the catheters used were so small that the 
frequency response of the manometer assembly was less than 100 c/s. We were, however, primarily 
interested in changes in mean pressure. Foetal heart rate was measured from condenser manometer 
records which had been photographed from an oscilloscope, or were recorded on a direct writing 
instrument (Cambridge Instrument Co., 3 C.R. 1). In many experiments the voltage output of the 
condenser Manometer was amplified and used to trip an impulse counter (Thorp, 1948), at each 
pulse wave, so as to give a continuous record of heart rate on a kymograph. In other experiments 
heart rate was plotted from a meter (Wyatt, 1956). , 

Umbilical blood flow was measured by inserting a density flowmeter (Dawes, Mott & Vane, 1953) 
into the common umbilical vein of mature foetal lambs. The time for a known quantity of blood to 
pass through was recorded on a kymograph by an interval timer (Gaddum & Kwiatkowski, 1938). 
At the beginning of the preparation the ewe was given O, to breathe. The foetal abdomen was 
opened to the left of the mid-line, and the incision was extended across the mid-line above the 
umbilicus, so as to expose the common umbilical vein. Heparin (10 mg/kg) was injected intra- 
venously into the foetus, and the right external jugular vein was cannulated. The placental end of 
the common umbilical vein was then cannulated and rapidly joined by a flexible tube to the 
external jugular vein. In this way the supply of oxygen to the foetus was interrupted for only 
a short while, so that in many preparations the heart did not slow, and there was only a small 
temporary fall of blood pressure. The hepatic end of the common umbilical vein was then cannu- 
lated at leisure and joined, through the flowmeter, to the placental end. The flowmeter and tubes 
were filled with warm dextran solution. 

While this method has its disadvantages, it has the compensation of giving a continuous record 
of umbilical flow. The disturbance caused by the introduction of the flowmeter can be judged by 
the pressure drop across the flowmeter, tubes and cannulae, which was 10-13 mm Hg at a flow of 
400 ml. blood/min. Thus in one experiment femoral arterial pressure rose to its previous level of 
58 mm Hg at the end of the preparation. Umbilical venous pressure was initially about 7 mm Hg, 
rose to a maximum of 55mm Hg during complete obstruction of placental flow, and fell to 
15-17 mm Hg when the flowmeter had been inserted and flow was 400 ml./min. Carotid arterial 
O, saturation fell from 70 to 62%. The rates of umbilical blood flow observed in nine good prepara- 
tions were about 30% lower on the average than those observed by Cooper, Greenfield & Huggett 
(1949), using a venous occlusion plethysmograph in lambs of similar maturity. 

In four other experiments, venous occlusion plethysmographs were used, of three different 
sizes according to the size of the foetus. The method of Cooper & Greenfield (1949) was modified in 
that venous occlusion was effected by direct compression of the abdominal umbilical vein, which 
was exposed and encircled with a tape, instead of by applying pressure to the whole umbilical cord. 
The rate of decrease of foetal volume was measured with a light float recorder of high natural 
period. A variable air condenser was mounted on the axis of the float and its movement was 
detected electronically and displayed on an oscilloscope. The changes were either photographed or 
recorded on the direct writing instrument, The plethysimographs had Perspex lids; catheters were 
passed through airtight sleeves for recording blood pressure and injecting drugs into a femoral 
vein. The rates of umbilical blood flow and of O, consumption in the preparation were within the 
range of those observed previously (Cooper et al. 1949; Dawes et al. 1954). 

Adrenaline hydrochloride, noradrenaline bitartrate and acetylcholine perchlorate were used. 
Doses are recorded in terms of base. 


RESULTS 
Injection of adrenaline, noradrenaline and acetylcholine 
into mature foetal lambs (> 132 days gestation) 
Injection of adrenaline into the femoral vein of a mature foetal lamb caused 
a larger and more immediate increase of heart rate than injection of the same 
dose into a jugular vein (Fig. 1). The rise of blood pressure was also usually 
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more abrupt on injection of adrenaline into a femoral vein than on injection 
into a jugular vein, but the peak increases were much the same. The effect of 
noradrenaline on the foetal blood pressure and heart rate was very similar to 
that of adrenaline (Fig. 2). Both compounds caused an increase in umbilical 
blood flow, commensurate with the increase in blood pressure. For a given 
increase of blood pressure the increase in umbilical blood flow was rather 
greater with noradrenaline than with adrenaline (Fig. 2). Similar observations 
were made in six lambs (Fig. 3). Acetylcholine also caused a greater brady- 


_ cardia and fall of blood pressure in mature lambs when given by the femoral 


vein than when given by the jugular vein. 


Fig. 1. Lamb 513A, gestation age 135 days. 10 ug adrenaline caused a larger and more immediate 
increase of heart rate on injection into a femoral vein (F) than on injection into a jugular 
vein (J). | 


When large doses of adrenaline or noradrenaline were injected, the foetal 
heart rate decreased if the blood pressure rose too high (Fig. 2). After cutting 
the vagi injection of adrenaline caused only an increase of heart rate. The 
bradycardia when the vagi were intact was therefore probably due to a depres- 
sor reflex, consequent on the rise of blood pressure. 

Bareroft (1946) found that, in lambs delivered under spinal anaesthesia, 
vagotomy caused an increase in heart rate. Reynolds (1954) observed a fall in 
both blood pressure and heart rate on vagotomy under allobarbitone-urethane. 
Under pentobarbitone anaesthesia we have usually seen a fall of heart rate and 
blood pressure in mature lambs. Occasionally there has been no change in 
heart rate, or as Fig. 2 shows, a fall of blood pressure and an increase of heart 
tate. It is notable that in this experiment the initial blood pressure was 


unusually high. 
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When the umbilical cord was tied and the lungs were ventilated, injection 
of adrenaline or noradrenaline caused a larger rise of blood pressure than under 
foetal conditions (Fig. 2). Similar results were seen in six lambs, whether or 
not the vagi were cut. The change in heart rate after tying the umbilical cord 
was variable; in some lambs with intact vagi it was clearly complicated by the 
bradycardia resulting from a large rise of blood pressure. re 
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Fig. 3. Data from six mature foetal lambs in which adrenaline (@) or noradrenaline (©) was 
injected to canse an increase of systemic blood pressure and umbilical blood flow. 


Injection of adrenaline and acetylcholine into immature foetal lambs 
(67-98 days gestation) 

The normal gestation period of lambs is approximately 147 days, and the 
extreme limit of independent viability is reached at about 110 days (Born, 
Dawes & Mott, 1955). Even in lambs which were younger than this, admini- 
stration of adrenaline caused a different effect on heart rate according to the 
route of injection. Fig. 4 shows that the tachycardia produced by 0-125 yg 
adrenaline in a lamb of 68 days gestation was greater on injection into 
a femoral than into a jugular vein. In this experiment there was little change 
in blood pressure. Acetylcholine injected into a femoral vein also had 
a greater effect on heart rate than on injection into a jugular vein (Fig. 5). The 
range of effective doses (per kg body weight) of adrenaline and acetylcholine 
did not appear to differ between mature and immature lambs of 60-140 days 
gestation. 
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On injection of adrenaline into mature lambs the increase of heart rate was 
less for a given increase of blood pressure than in immature lambs, Comparison 
of Figs. 1, 2 and 4 illustrates this point. In Fig. 6 the percentage increases of 
blood pressure and heart rate have been related for thirteen lambs arranged 
in three groups according to their gestation ages. Adrenaline was injected into 
either a femoral or jugular vein; separate analysis of the results showed the 
same difference between mature and immature lambs. All results have 


178 240 beats/min 
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° Injection Into jugular vein 
178 192 min 


Fig. 4. Lamb 539, gestation age 68 days. A condenser manometer record of femoral blood 
pressure shows a greater tachycardia on injection of 0-125 ug adrenaline into a femoral vein 
than into a jugular vein. 
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Fig. 5. As Fig. 4. Injection of 20 ug acetylcholine causes a greater bradycardia 
on injection into a femoral vein (below) than into a jugular vein (above). 


therefore been combined in Fig. 6. The relationship shown in this figure may 
have been due (wholly or in part) to the progressive development of the 
depressor reflex during the last half of gestation. When a sufficiently large dose 
of adrenaline was injected into an immature foetus, the blood pressure rose. 
The youngest lamb in which bradycardia has been seen consequent on this rise 
of blood pressure was a lamb of 90 days gestation age (Fig. 7). Cutting the 
vagi abolished this bradycardia. There is good evidence that the heart slows 
when the vagus is stimulated before this age, but the slowing is not so great as 
in mature lambs (Barcroft, 1946; Born, Dawes & Mott, 1956). 
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Fig. 6. Data from four lambs of 67-82 days gestation (@), three lambs 89-98 days (@), and six 
lambs >130 days (©), showing the relative increases in heart rate and blood pressure on 
injection of adrenaline. 
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Fig. 7. Lamb 569, gestation age 90 days. A condenser manometer record of femoral arterial 
pressure shows that the heart slows at first when the blood pressure rises on injection of 2 yg 
adrenaline by a femoral vein (above). This slowing is abolished by cutting the vagi (below). 


DISCUSSION 


The observations recorded above confirm the hypothesis that adrenaline, 

noradrenaline and acetylcholine cause a larger change of heart rate when 

injected into the femoral vein than the jugular vein of mature foetal lambs. 

This difference is the more striking because there is good evidence to show that 
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the volume of blood flow through the inferior vena cava is about four times 
greater than that through the superior vena cava. A substance injected into 
the inferior vena cava would therefore be diluted more thoroughly. This 
evidence also gives additional weight to that view of the foetal circulation 
which is now supported both by cineangiographic observations (Barclay, 
Franklin & Prichard, 1944; Barcroft, 1946) and by blood gas analysis (Hugzgett, 
1927; Dawes et al. 1954), namely that, although a proportion of inferior vena 
caval blood passes into the right atrium, none of the superior vena caval blood 
enters the left atrium through the foramen ovale. It is also interesting to note 
that sympathetic amines liberated from the adrenal glands (and perhaps also 
from the organs of Zuckerkandl) would pass to the heart through the inferior 
vena cava. 

The occurrence of the difference in the cardiac response to femoral and 
jugular injections in foetuses of less than 80 days gestation suggests that the 
course of the foetal circulation half-way through gestation does not differ 
fundamentally from that near term. However, the reaction of the circulation 
to changes imposed upon it does vary with gestation age. As the subsequent 
paper shows, the increase of blood pressure and heart rate produced by oxygen 
lack in mature foetal lambs is absent at less than 72 days gestation. It is 
therefore interesting that injections of adrenaline produce a proportionately 
larger rise of heart rate for a given rise of blood pressure in young foetuses. 
This might be due to the progressive development of a depressor reflex from 
the carotid sinuses and aortic arch during the latter half of gestation (Donatelli, 
1940; Ingiulla, 1940). Such an interpretation would not exclude other 
explanations, For example, Barcroft (1946) showed that the volume of blood in 
the placenta exceeded that in the foetus up to 100 days; but at birth the 
quantity of blood in the foetus was 5-6 times that in the placenta. There is no 
reliable information as to the relative volume of blood flow through foetus and 
placenta at mid-term. If the distribution of the cardiac output alters during 
gestation, any differential vasoconstrictor effect of adrenaline on placenta and 
foetus would change the relation between increase of heart rate and blood 
pressure. 

When small amounts of adrenaline and noradrenaline are injected into 
foetal lambs there is an increase of umbilical blood flow commensurate with 
the increase in blood pressure (Fig. 2). This suggests that, at such dose levels, 
these substances have little influence on the vascular resistance of the 
umbilical circulation, and should not therefore limit normal placental function. 
It will be recalled (Dawes et al. 1954) that nearly 60° of the combined 
ventricular output perfuses the placenta of the mature foetal lamb and that 
any reduction of this flow is probably ous for the foetus, The rise of 
blood pressure which follows administration ine and noradrenaline 
may be due to an increase of foetal vascular and to a larger cardiac 
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output. Further analysis is clearly required before a complete interpretation 
of the action of pressor amines on the foetal circulation can be offered. 

When the umbilical cord is tied and ventilation of the lungs is begun, 
adrenaline and noradrenaline cause a larger rise of blood pressure than in the 
foetus. This is probably due in part to the increase in peripheral vascular 
resistance occasioned by removal of the placenta. There are of course other 
factors which complicate the issue, such as the change in arterial 0, saturation 
at birth, alterations in the degree of dilution to be expected before the injected 
substance reaches the heart or blood vessels, and the haemodynamic effect of 
constriction of the ductus arteriosus by sympathetic amines (Born, Dawes, 
Mott & Rennick, 1956). 

SUMMARY 

1. Injections of adrenaline, noradrenaline or acetylcholine into foetal lambs 
caused a larger change of heart rate when given by a femoral vein than by 
a jugular vein. These observations indicate that, in half term as in full term 
foetuses, the greater part of the blood reaching the coronary arteries has come 
from the inferior vena cava through the foramen ovale. 

2. Injections of adrenaline and noradrenaline into mature foetal lambs 
caused an increase in umbilical blood flow commensurate with the increase of 
blood pressure. 

3. Injections of adrenaline and noradrenaline caused a larger rise of blood 
pressure in mature foetal lambs when the umbilical cord was tied and ventila- 
tion was begun, than under foetal conditions. 

4. In immature lambs adrenaline caused a greater increase of heart rate for 
a given rise of blood pressure than in older lambs. 


We wish to thank the Nuffield Foundation for their continued generosity in supporting this work 
and Dr D. G. Wyatt for the heart-rate meter. 
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OXYGEN LACK AND AUTONOMIC NERVOUS CONTROL OF 
THE FOETAL CIRCULATION IN THE LAMB 


By G. V. R. BORN, G. 8. DAWES anv JOAN C. MOTT 
From the Nuffield Institute for Medical Research, University of Oxford 


(Received 16 May 1956) 


Tying the umbilical cord in the mature foetal lamb causes an abrupt increase 
of blood pressure and a large decrease in heart rate (Barcroft, 1946). As 
Barcroft was well aware, this procedure not only removes the normal channel 
of gaseous exchange from the foetus, and thus (in the absence of pulmonary 
ventilation) induces acute asphyxia, but also causes a profound circulatory 
disturbance, because more than half the output of the foetal heart normally 
passes through the placenta. Tying the cord, therefore, cannot give a reliable 
indication of the response of the foetus in utero to oxygen lack alone. In this 
paper the effect of oxygen lack has been investigated in lambs delivered by 
Caesarean section by supplying the ewe with a gas mixture of low oxygen 
content, The immediate effect was to cause a rise of foetal blood pressure and 
heart rate, provided that the foetal arterial O, saturation did not fall too rapidly 
or too low. Very immature lambs did not react in this way. 


METHODS 


Experiments were performed on lambs of from 59 to 143 days gestation age, from ewes of 
Clun-Hampshire, Suffolk or Kerry Hill breeds. The methods employed were usually the same as in 
the preceding paper (Dawes, Mott & Rennick, 1956). 

The more mature lambs were removed from the amniotic sac and the blood pressure was 
recorded from a femoral artery. In some younger lambs, weighing 45-100 g, the uterus was opened 
and the amniotic sac was exposed intact. A fine needle, attached to a condenser manometer, was 
introduced into one umbilical artery through the foetal membranes. There was no appreciable 
leak of fluid from the amniotic sac, and the umbilical artery did not go into spasm. Blood could be 
seen flowing past the needle tip within the artery, and the preparation remained in good condition 
for an hour or more. 

The trachea of the ewe was cannulated, and gas mixtures of varying oxygen content were 
delivered through calibrated rotameters. 

In some unanaesthetized ewes blood samples (0-8 ml.) were withdrawn under local procaine 
anaesthesia by direct puncture of a carotid artery. The ewes were then anaesthetized with pento- 
barbitone and samples were taken from a catheter passed a few cm up a median malleolar artery, 
and from a catheter in the left carotid artery of the foetus, In the smaller foetuses the total 
quantity of blood withdrawn was kept as small as possible, though in two foetuses of less than 
300 ¢ weight it exceeded 1% of the body weight. The samples were mixed with a trace of heparin 
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(20%) and fluoride (4%) and placed in an ice-water mixture. They were analysed for O, content 
and capacity by the method described by Born, Dawes & Mott (1955). The peripheral cut ends of 
the cervical vagi, left cardiac and left splanchnic nerves and the left stellate ganglion were 
stimulated with rectangular pulses 5—50 c/s, 5-20 msec and 0-2-2-0 mA. 

Hexamethonium iodide (Allen and Hanbury) and nicotine hydrogen tartrate (British Drug 
Houses) were administered intravenously: doses are given in terms of base. 


RESULTS 


At the beginning of the experiment the ewe was laid on her right side. The 0, 
saturation of the maternal arterial blood, withdrawn under local anaesthesia, 
was from 81 to 94% (mean 87%) in nine ewes. Induction of general anaes- 
thesia caused a fall of arterial O, saturation in four out of six ewes; in the 
other two ewes it increased. After general anaesthesia lasting up to 44 hr the 
maternal O, saturation ranged from 72 to 93% (mean 81%) in fifteen ewes. 
There was no evidence that respiratory exchange was impeded by the presence 
of an exceptionally large conceptus. The O, saturation of the foetal carotid 
arterial blood varied from 43 to 74°, (mean 59%) in fifteen lambs, when the 
anaesthetized ewe was breathing air. 

When the oxygen content of the gas mixture breathed by the ewe was 
reduced, the 0, saturation of both maternal and foetal blood fell. The change 
in the O, saturation of the foetal blood lagged behind that of the maternal 
blood. In some experiments the foetal blood did not come into equilibrium 
for 6-10 min after the maternal blood had reached a steady level of, say, 
50-60%. Similarly, when the ewe was allowed to breathe air after a period of 
oxygen lack she usually regained her initial 0, saturation some minutes before 
the lamb (Fig. 1). 

In twelve experiments a sufficient number of blood samples were withdrawn 
from both mother and foetus to determine when the foetal and maternal 
O, saturations were approximately in equilibrium, at different degrees of 
anoxaemia. The equilibrium values so selected have been plotted in Fig. 2. In 
each of the twelve experiments the relationship between maternal and foetal 0, 
saturations was approximately linear, within the range examined. In Fig. 2 
this relationship is illustrated by the dotted lines joining the several points 
recorded for two lambs (437 A and 513A). All the other points fall in between 
these two lines. There was no apparent difference between two lambs which 
were 89 and 90 days gestation age and the remainder which were 126-143 days 
old (term is about 147 days). Lamb 437A, which was the only example of 
@ triplet in the series, would appear from Fig. 2 to have had a singularly 
inadequate placenta in relation to its rate of oxygen consumption, as com- 
pared with the other lambs. The results obtained from three single lambs in the 
series did not differ significantly from those of the eight twins. The data shown 
in Fig. 2 suggest that the O, saturation of the foetus falls to zero when that of 
the ewe is still comparatively high. 
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Fig. 1. Lamb 414B, 141 days gestation age. Administration of 10 and 6% O, to the ewe in place 
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of air caused an immediate rise of foetal blood pressure and heart rate. 
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Fig. 2. Data from twelve experiments in 
The systemic arterial %, O, saturations of the 
foetal lambs were 89-90 days old (@), the remainder were 


age. The dotted lines are drawn through the equilibrium 


and 513A (@). 


which low 0, gas mixtures were administered to the ewe. 
lamb and ewe are plotted at equilibrium. Two 
between 126 and 143 days gestation 


values observed for lambs 437A 
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The effect of oxygen lack in mature foetal lambs 

The first response to oxygen lack in mature foetal lambs was a rise of blood 
pressure and heart rate. In some lambs the increase in blood pressure appeared 
to be more conspicuous, and in others the increase in heart rate. In most 
lambs the maximum increase of heart rate or of blood pressure occurred during 
the period of anoxaemia, but a few exhibited an even greater increase after the 
ewe had been given air to breathe once more. Fig. 1 illustrates such an experi- 
ment, in which the tachycardia was greatest during recovery from anoxia. In 


Ww 


Heart rate (beats/min) 
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Fig. 3. Lamb 456, 4-2 kg. Administration of 7% O, to the ewe during the time marked by signal 
caused a rise of blood pressure and an increase in umbilical blood flow as the foetal carotid 
O, saturation fell. 


two other lambs the blood pressure reached a maximum during this period. In 
nine lambs the tachycardia was first observed when the carotid O, saturation 
had fallen to between 50 and 35%. The degree of tachycardia appeared to 
depend to some extent on the depth of anaesthesia. If this was light the resting 
heart rate was high and fluctuated spontaneously; it was then difficult to be 
sure of a genuine increase in heart rate during anoxia. On the other hand, if 
the lamb was too deeply anaesthetized the tachycardia was less. 

When the carotid O, saturation fell even further, the heart suddenly slowed 
and became irregular (Fig. 1). In six out of eight lambs the bradycardia 
did not begin until the O, saturation was less than 20%. The slowing was 
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associated with dropped beats and short periods of tachycardia. The brady- 
cardia was usually accompanied by a further increase of blood pressure. 

Umbilical blood flow was measured in five foetal lambs before and during 
anoxaemia caused by administration of 10% 0, to the ewe. When the blood 
pressure rose there was an increase in umbilical flow (Fig. 3). 


The effect of oxygen lack in immature foetal lambs 


During anoxaemia the heart rate increased in lambs of 72-88 days gestation 
age; the blood pressure did not rise, but fell (Fig. 4). In still younger lambs 
there was no increase of either heart rate or blood pressure (Fig. 5). In these 
experiments the 0, content of the maternal inspired air was eventually 
reduced to 7-5 °% or 5% over a period of about 10 min, and the foetuses became 
very blue; it was not always practicable to estimate their minimum arterial 
Q, saturation because the foetuses were so small (45-200 g at 59-71 days). 
However, the anoxaemia was always continued and increased until it caused 
a slowly progressive decrease in heart rate and blood pressure. It would 
therefore appear that lambs are unable to respond to oxygen lack by an 
immediate increase of blood pressure and heart rate earlier than somewhere 
between the 80th and 90th day of gestation. The reasons for this require 
further investigation. 

It was particularly interesting that in lambs of 72-88 days gestation the 
blood pressure fell during anoxaemia, at a time when the heart rate was 
increased. It seemed possible that the fall in blood pressure might have been 
due to vasodilatation of umbilical blood vessels within the placenta, occasioned 
by the reduction of O, tension of the circulating blood. However, in six lambs 
of 79-87 days gestation age there was no increase of umbilical blood flow 
during the period of anoxaemia (Fig. 4). It seems more likely, therefore, that 
the fall in blood pressure was due to a decrease in cardiac output. There is, 
however, no reliable method yet available for measuring total cardiac output 
in the foetus at this age. 

Fig. 4 also illustrates another point. In this and other similar experiments 
umbilical flow was measured by a venous occlusion plethysmograph. The 
umbilical vein was occluded within the abdomen for a period of up to 5 sec. 
Arterial blood pressure fell slightly during the occlusion (Fig. 6), and the 
heart slowed towards the end of this period. During the period of anoxaemia, 
the slowing of the heart during occlusion of the umbilical vein was very much 


greater (Figs. 4, 6). 


The development of autonomic nervous control of the foetal circulation in the lamb 
_ The younger lambs reacted with a large increase of heart rate and sometimes, 
but not always, with a small rise of blood pressure on intravenous injection of 
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Fig. 4. Lamb 603 B, 79 days gestation age, 317g. Records from above downwards of heart rate, 
umbilical blood flow (by a venous occlusion plethysmograph), and carotid blood pressure. The 
air breathed by the ewe was replaced by gas mixtures containing varying amounts of 0, as 
indicated. The foetal heart rate rose during anoxaemia, but blood pressure and umbilical 
flow fell. Occlusion of the umbilical vein also caused greater bradycardia during the period of 
anoxaemia. The records shown in Fig. 6 were taken at points A and B. 
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Fig. 5. Data from thirty-six lambs at different gestation ages showing the response of heart rate 
and blood pressure when the foetal carotid O, saturation was reduced. In each instance the 
lower point (©) records the initial value and the upper point (@) the maximum value of 
heart rate or blood pressure. Falls of blood pressure or heart rate are not illustrated. 
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small doses of adrenaline (see Fig. 4 of the preceding paper by Dawes et al, 
1956). The failure to respond to acute oxygen lack by tachycardia is not 
therefore due to insensitivity to sympathetic amines. Nor is it due to lack of 
pressor activity in the adrenal medulla. Table 1 shows that there is a sub- 
stantial quantity of a substance (or substances) in the adrenal medulla, which 
can be extracted by grinding in acid, which causes a rise of blood pressure on 


Fig. 6. Details of experiment shown in Fig. 4, taken at points A and B. Condenser manometer 
record of foetal carotid blood pressure and record of change of foetal volume (decrease 
upwards) during occlusion of the abdominal umbilical vein during the signal mark. A, just 
before beginning administration of 10% O, to ewe; B, during administration of 5% O, to 
ewe. Note smaller umbilical flow and greater bradycardia in lower record. 


TasiE 1. Pressor activity of adrenal gland extracts from foetal lambs 


Pressor activity 
As wet weight 
Foetal age Foetal wt. Adrenal wt. Adrena- Nor- As pg/kg 
(days) (g) (mg) line adrenaline foetus 
59 45 20-5 0-9 = 410 
60 50 25-8 —_ 0-3 155 
65 87 37-4 — 0-4 170 
68 200 27-1 0-8 -— 110 
79 271 68 _ 0-3 76 
81 270 62 — 0-4 93 
$1 284 57-4 — 0-4 84 
110 1414 260 — 1-5 106 


All assays were done on spinal or pithed cats. 


injection into a spinal cat, and which is destroyed by boiling in alkali. The 
injection of 0-5-2-0 mg/kg nicotine into five lambs of from 71 to 133 days 
gestation age also caused an increase of both heart rate and blood pressure. 
Moreover, in three very young lambs (59-65 days gestation), although there 
was no tachycardia during or after the period of oxygen lack, yet the heart 
rate increased progressively throughout the experiments, in one instance from 
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180 to 260 beats/min over 3 hr. There is therefore some mechanism which can 
alter heart rate in these very young lambs, although they do not react to 
oxygen lack in the same way as older lambs. 

It seems probable that the differences between immature and mature lambs 
may be related to the progressive development of autonomic nervous control 
of the foetal circulation during gestation. There are various indications that 
this may be so. For instance the abrupt slowing and irregularities of the heart 
observed in mature lambs during anoxaemia were not seen in immature 
lambs. This may have been partly because the blood pressure did not rise and 
partly because the depressor reflexes or the cardio-inhibitory nerves were not 
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Fig. 7. The percentage decrease in heart rate on maximal stimulation of the peripheral cut end 
of the right (@) or left (©) vagus, in foetal lambs of different gestational ages. 


sufficiently well developed at this age. Barcroft (1946, p. 132) showed that 
stimulation of the peripheral end of the vagus caused the heart to slow con- 
siderably at 77 days gestation age. In our youngest lamb of less than 60 days 
gestation the maximum decrease of heart rate on vagal stimulation was only 
10%. Intravenous injection of acetylcholine through a femoral vein (so as to 
reach the coronary vessels directly) caused much greater bradycardia. The 
failure to respond more effectively to vayal stimulation was not, therefore, in 
the heart muscle. Fig. 7 shows that vagal stimulation became increasingly 
effective in older lambs. We have also observed the results of stimulation of 
the left cardiac and left splanchnic nerves, and although effective stimulation 
was more difficult to obtain than with the vagi, there is little doubt of the 
increasing capability of these nerves to cause circulatory changes after the — 
eightieth day. 

The systemic blood pressure also increases with gestation age, a phenomenon 
commented on by Seitz (1901), and demonstrated in sheep by Barcroft (1935) 
and by Barcroft & Barron (1945). With rather more observations, it can be 
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seen that this rise in blood pressure during gestation is not regular, but is more 
rapid after 90-100 days gestation (Dawes, 1956). This is also evident from 
Figs. 5 and 8, Injections of hexamethonium in a dose of 1-5 mg/kg caused a con- 
siderable fall of blood pressure (presumably by blocking autonomic ganglia) in 
three mature lambs, but not in two lambs of less than 100 days gestation age. 
These observations are compatible with the view that the more rapid increase 
in foetal blood pressure after 90-100 days gestation age is due to increasing 
autonomic control of the circulation. 


70 
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Fig. 8. The closed circles (@) show the initial blood pressures of lambs of different gestation ages. 
Changes of blood pressure on vagal section are represented by the vertical lines. In the 
majority of lambs of greater than 85 days gestation the blood pressure falls when the vagi are 
cut. Notice the increase of the initial blood pressure after 90 days gestation age. 


In the preceding paper (Dawes et al. 1956) it was observed that cutting the 
vagi caused a fall of blood pressure in mature foetal lambs under pento- 
barbitone anaesthesia, as Reynolds (1954) had previously shown under allo- 
barbitone-urethane anaesthesia. In lambs of less than 80 days gestation age 
vagotomy did not cause a fall of blood pressure (Fig. 8). The fall in pressure 
on vagotomy progressively increased with increasing gestation age. 


Respiratory movements in immature lambs 

In some immature lambs (80-90 days gestation age) there were occasional 
fluctuations in blood pressure, lasting for a few heart beats, when the carotid 
O, saturation was reduced to 20% or less. These were associated with spas- 
modic respiratory efforts, which caused a brief reduction in intra-oesophageal 
pressure of from 5 to 15 mm Hg. Systolic or diastolic pressure fell during one 
cardiac eyele, followed by a transient increase of blood pressure. This increase 
of blood pressure began one heart beat after the gasp, and lasted 1-3 sec 
according to the depth of the gasp (Fig. 9). It seems likely that the reduction 
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in intrapleural pressure during the gasp had temporarily increased venous 
return from the foetal tissues and the placenta, and that the rise of blood 
pressure resulted from the consequent increase in cardiac output. It is 
interesting to observe that lambs so immature should be capable of com- 
paratively strong respiratory efforts 2-3 weeks before their lungs can support 
independent life even under the most favourable conditions (Born et al. 1955). 


Fig. 9. Lamb 560, 89 days gestation age. The upper record is of femoral arterial pressure and the 
lower of oesophageal pressure recorded by condenser manometers. The records show the 
effect on the blood pressure of transient respiratory efforts caused by giving the ewe 7-5% 0,. 
Time-marks yg and 1 sec. 


The effect of a reduction in umbilical blood flow 

It is possible to cause asphyxia by reducing umbilical blood flow progres- 
sively by partial constriction of the common umbilical vein within the abdo- 
men. This part of the vessel is not so sensitive to manipulation as that in the 
umbilical cord, and does not go into spasm; hence mechanical occlusion of its 
lumen is reversible. Reduction of umbilical blood flow brought about in this 
manner caused a progressive fall of carotid arterial O, saturation. Thus in one 
experiment when umbilical flow was decreased from 280 to 160 ml./min, 
carotid O, saturation fell from 62 to 51%, without any change in heart rate. 
In other experiments in which the O, saturation was decreased still further, 
a large increase in heart rate was observed in mature lambs, similar to that 
seen when anoxaemia was induced by giving the ewe low oxygen mixtures to 
breathe (Fig. 10). Sometimes there was also a small increase in blood pressure. 
Fig. 10 shows that when the umbilical cord is tied, the tachycardia in response 
to asphyxia is barely perceptible, even in a lamb which had shown an increase 
of heart rate so clearly under different circumstances. The explanation is 
probably that not only does the carotid O, saturation fall very rapidly to low 
levels on tying the cord, but there is simultaneously a large rise of blood 
pressure which might contribute to a depressor reflex. Both changes, as 
Barcroft (1946) suggested, would cause bradycardia. 


Changes in foetal oxygen capacity during anoxaemia 
During anoxaemia the O, carrying capacity of the foetal blood increased. 
An illustration of this is shown in Fig. 11, from the experiment of Fig. |. 
During the course of an experiment blood samples were withdrawn from 
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a lamb, and the arterial catheter was flushed with a small quantity of dilute 
heparin in saline. A slow drip of saline also entered the lamb from the 
condenser manometer. Consequently, the tendency was for the O, carrying 
capacity of the foetal blood to decrease as a result of the experimental pro- 
cedure. The fact that the O, carrying capacity of the blood increased during 
anoxaemia is all the more striking. The fall in O, capacity during the recovery 
period, which was a feature of these experiments, also suggested that the 


B.P.(mm Hg) Heart rate (beats/min) 


Fig. 10. Lamb 512A, 189 days. During the period of the first signal mark the abdominal umbilical 
vein was partially constricted. The carotid O, saturation fell and heart rate increased. At the 
second signal mark the umbilical cord was tied, 


Minutes 
Fig. 11. Lamb 414B, 141 days gestation age. Administration of 10 and 6% 0, to the ewe 
caused a fall of foetal carotid O, saturation and a rise of O, carrying capacity. 
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previous increase was a direct consequence of oxygen lack. Fig. 12 shows the 
changes in O, carrying capacity during hypoxia or asphyxia in thirty-three 
lambs of which ten were relatively immature. The mean increase in 0, 
capacity was only 0-46 + 0-61 ml./100 ml. (3-9%) in the ten lambs of less than 
91 days gestation age, whereas in the fourteen lambs of 133-143 days gestation 
age O, capacity rose by 1-98 + 0-99 ml./100 ml. (11-2%). These fourteen mature 
lambs included seven in which asphyxia was induced only after the cord had 
been tied; the increase of capacity is therefore independent of the placenta. 
The difference between the increase of capacity in mature and immature lambs 
is significant, both absolutely and relatively. 
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Fig. 12. Each circle indicates the initial 0, capacity of lambs at different gestation ages. The 
carotid O, saturation was reduced to about the same level by decreasing the O, content of the 
maternal inspired air (©) or by partial constriction of the umbilical vein (@) or by tying the 
cord and underventilating (@). The vertical lines show the consequent rise in O, capacity, 
which is greater in the more mature lambs. 


We have also calculated the means and standard deviations of the 0, 
carrying capacity of the blood during successive 10-day periods of gestation, 
from Barcroft’s data (Barcroft, 1946) for Welsh lambs and from our own data 
from other breeds (Fig. 13). Samples were taken soon after delivery, from 
lambs which were in good condition and had not been anoxaemic. Our figures 
for the O, carrying capacity are systematically lower, perhaps owing to the 
difference in breeds or in analytical methods: but there is a further difference 
in that while Barcroft’s capacities continued to rise (by 12%, a highly signiti- 
cant difference) from 115 days until the end of gestation, ours reached a platea1 
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at this age. The arterial O, saturations of Barcroft’s mature lambs are lower 
than ours (Table 2). For this reason it seems possible that the continued 
increase in O, capacity observed by him after 115 days gestation may have 
been due in part to the acute effect of anoxaemia illustrated in Fig. 12. 
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OQ capacity of blood (mi./100 mi.) 
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80 100 120 140 
Gestation age (days) 

Fig. 13. Oxygen carrying capacity of the blood from foetal lambs plotted against gestation age, 
from Barcroft (1946, fig. 63) who used 103 Welsh lambs (©); and from sixty lambs of other 
breeds (@). Each point is the mean for a 10-day period; the vertical lines indicate the 
standard deviation. 


TaBLE 2, Carotid O, saturation immediately after delivery by Caesarean section 
of lambs of more than 130 days gestation age 


A 
Barcroft et al. 
(1940) B Cc 
Breed Welsh Welsh Hampshire 
Number 7 8 32 
Carotid % O, saturation +s.p. 49-1+9-7 59-6 + 10-0 


The carotid O, saturations of column A are significantly lower (P< 0-01) than those of columns 
B and C. 


DISCUSSION 
The relation between maternal and foetal arterial O, saturation 
Barron & Meschia (1954) calculated that the mean O, partial pressure 
gradient in seven lambs (126-137 days gestation) between the maternal and 
the foetal sides of the placenta was 32-648 mm Hg under good physiological 
conditions. Our data show that a reduction in maternal arterial O, saturation 
is accompanied by a fall in foetal saturation, and that the change in foetal 


saturation lags behind the maternal. Fig. 2 suggests that, at equilibrium, 
there is a fairly simple linear relationship between foetal and maternal O, 
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saturations. This relationship is such that foetal O, saturation approaches zero 
while the maternal saturation is still 20-30%. 

Several factors may complicate the interpretation of these results. The 
transfer of oxygen to the foetus may be assumed to continue so long as 
a gradient exists from mother to foetus across the placenta. Since the oxygen 
dissociation curve is sigmoid, however, the partial pressure of oxygen in the 
maternal blood will fall rapidly as the O, saturation is reduced, and the mean 
O, diffusion gradient across the placenta may then reach a very low value. On 
the other hand, foetal 0, consumption is reduced when the umbilical arterial 
O, saturation falls below 35°% in lambs (unpublished). Furthermore, it is not 
unlikely that, as the maternal O, saturation falls, vasoconstriction in the 
maternal side of the placenta may reduce the supply of oxygen. And finally, 
some of the oxygen which is transferred to the umbilical vein may be removed 
by the foetal liver before it reaches the heart. 


Changes in the foetal circulation during anoxaemia 

The effect of a moderate degree of O, lack in the mature foetal lamb is to 
cause an increase of blood pressure and heart rate, as in adult mammals. The 
asphyxia which is produced by constriction of the umbilical vein, and hence by 
a reduction in umbilical blood flow, also causes an increase in heart rate, 
providing the reduction in flow is not too great. The changes in blood pressure 
under these circumstances are complicated by the fact that a certain quantity 
of blood is trapped in the placenta. 

When the blood pressure rises during anoxaemia, umbilical flow increases 
(Fig. 3); when it falls, umbilical flow decreases (Fig. 6) even though the heart 
rate has increased. In the absence of a nerve supply to the umbilical vessels, 
chemical vasomotor control depending on blood gases or pH may indeed 
exist, but was not evident under the conditions of anoxaemia which were 
studied. In general, then, the level of the arterial blood pressure is of pre- 
dominant importance in controlling the volume of umbilical blood flow. The 
increase of umbilical flow during anoxaemia may, incidentally, help to increase 
the rate of gas transfer across the placenta; this possibility requires further 
investigation. 

Since the rise of heart rate, blood pressure and umbilical flow during anoxia 
or asphyxia can be reproduced by infusion of adrenaline or noradrenaline, as 
shown in the preceding paper (Dawes et al. 1956), it is reasonable to assume 
that these phenomena are due to liberation of sympathetic amines. Cross & 
Malcolm (1952) observed chemoreceptor activity in the carotid sinus body 
nerves of a mature foetal lamb. It is therefore probable that the rise of blood 
pressure and heart rate during foetal anoxaemia can be ascribed to excitation 
of the chemoreceptors of the carotid and aortic bodies. A rise of blood 
pressure and heart rate on exposure to oxygen lack, asphyxia or carbon 
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dioxide excess has also been observed in mature lambs after delivery and 
separation from the ewe. The phenomenon is therefore not peculiar to the 
foetal condition in this species and at this stage of development. Moreover, 
in the new-born lamb there is other circumstantial evidence to support the 
view that asphyxia causes liberation of sympathetic amines (Born, Dawes, 
Mott & Rennick, 1956). 

Severe anoxaema in both the mature and the immature foetal lamb always 
causes & fall in both blood pressure and heart rate. The fall in blood pressure 
may be due to a reduction in cardiac output, though this is a view which is not 
yet supported by direct evidence. In mature lambs there is an intermediate 
condition, illustrated in Fig. 1, in which the heart rate falls, at a time when the 
blood pressure is continuing to rise. Barcroft & Barron (1945), Barcroft (1946) 
and Dawes et al. (1956) have observed that a rise of blood pressure in the 
lamb, caused by injection of adrenaline or noradrenaline, is often associated 
with acute bradycardia, which is abolished by cutting the vagi. Cross & 
Malcolm (1952) found evidence of pressure receptor activity in the carotid 
sinus nerves of two mature foetal lambs, and Donatelli (1940) and Ingiulla 
(1940) observed that occlusion of the carotid arteries led to a rise of blood 
pressure in foetal lambs during the second half of gestation. Hence the brady- 
cardia described above is probably attributable to a depressor reflex from the 
carotid sinus and aortic arch. The same mechanism might explain the abrupt 


‘fall of heart rate illustrated in Fig. 1. 


In immature lambs of 72-88 days gestation there is commonly another inter- 
mediate condition which is observed during a moderate degree of anoxaemia, 
in which the blood pressure falls while the heart rate rises (as shown in Figs. 4 
and 5). This is the reverse of that described above and is less readily explained. 
The fall of blood pressure is accompanied by a reduction in umbilical blood 
flow. We do not know whether there is any change in the remainder of the 
cardiac output, which passes through the foetal tissues. In immature lambs of 
this age, injections of adrenaline cause a much smaller increase of blood 
pressure for a given rise in heart rate than in mature foetal lambs (Dawes 
et al. 1956); no doubt this is a partial explanation of the phenomenon. There is 
also the possibility that cardiac output is reduced during anoxaemia in these 
immature lambs, in spite of an increase in rate. 


Changes in the O, capacity of the blood during anoxaemia 
Acute anoxaemia causes an immediate increase in the O, carrying capacity 
of the blood. This is of interest because Barcroft (1946, p. 145 et seq.) called 
attention to the wide range of O, carrying capacity in the foetal lamb at term, 
and noted (in a small series) that those lambs which had a low umbilical 
arterial O, saturation also had a high O, capacity. He drew an a 
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the foetal lamb at term living in a low oxygen environment, and the gradual 
rise in blood haemoglobin experienced by dwellers at high altitudes. It would 
now appear that part of the increase in O, capacity may occur as an immediate 
response to anoxia. This is the more likely since Taylor & Gotsev (1938) have 
shown that the spleen, one of the potential blood reservoirs, contracts in 
response to asphyxia in the new-born lamb. It seems probable, therefore, that 
the experimental conditions under which a foetus is delivered, whether under 
general, local or spinal anaesthesia, may lead to a moderate degree of anoxia 
or asphyxia, and hence to an immediate increase in O, capacity. The same 
considerations may apply to the observations of Walker & Turnbull (1953) 
who found an increase in the O, capacity of cord blood from human infants 
with a low O, content. This by no means excludes the probability that, as 
many have suggested, the low O, tension observed during foetal life may 
stimulate red cell formation. 


Autonomie control of the foetal circulation and species differences 

During the last half of gestation in the foetal lamb the blood pressure rises 
more rapidly than before; there appear pressor and cardio-accelerator 
responses and an increase in the O, capacity of the blood during acute 
anoxaemia ; and injection of hexamethonium or cutting the vagi causes a fall 
of blood pressure. Stimulation of the vagi produces a larger fall in heart rate 
as gestation proceeds. Donatelli (1940) concluded that the carotid sinus 
depressor reflex also becomes more active. These observations support the 
view that there is an increasing degree of control over the foetal circulation 
by the autonomic system towards the end of gestation in the lamb. The lungs 
first become capable of supporting independent life at about 110 days gesta- 
tion age (Born et al. 1955), while full term is at approximately 147 days. The 
lamb is therefore born with a well-developed pair of lungs and a circulatory 
system which is under nervous control. How useful the nervous control of the 
circulation is to the foetus remains to be seen, though it is interesting that 
injection of hexamethonium into a mature foetal lamb causes a fall of blood 
pressure and therefore a decrease in umbilical blood flow. However that may 
be, there can be little doubt that at birth, when the lamb is normally sub- 
jected to severe asphyxia, and when pulmonary blood flow is closely related 
to systemic arterial pressure (while the ductus arteriosus is still open; Dawes, 
1956), nervous control of the circulation may be of some importance to survival. 

These considerations certainly do not apply to all species, as Barcroft (1946) 
has emphasized. For instance, in the dog and cat, Clark (1934) and, in the 
rabbit, Bauer (1938, 1939) concluded that functional activity of the cardio- 
vascular reflexes was not established until after birth. It is notable that in 
these species the blood pressure at birth is low, only 20-35 mm Hg, in contrast 
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to the new-born lamb. In the full-term human infant the blood pressure at 
birth is similar to that of the lamb, but there is no direct information as to the 
activity of the cardiovascular reflexes. 


SUMMARY 


1. The arterial O, saturation of foetal lambs was reduced by decreasing the 
0, content of the maternal inspired air. There was an approximately linear 
relationship between foetal and maternal O, saturations at equilibrium. 

2. In mature foetal lambs anoxaemia caused an immediate increase in 
heart rate, blood pressure, umbilical blood flow and in the O, carrying capacity 
of the blood. The heart did not slow until the foetal carotid O, saturation was 
less than 20% in six of eight lambs. 

3. In immature foetal lambs (<72 days gestation age; term 147 days) 
anoxaemia did not cause an increase in blood pressure or heart rate. The 
increase of Q, capacity on anoxaemia or asphyxia in lambs of less than 91 days 
gestation age was significantly less than in mature ones. 

4. In mature foetal lambs asphyxia caused by partial occlusion of the 
umbilical vein also caused an increase in heart rate, and in the O, carrying 
capacity of the blood. 

5. The changing responses of the circulation of the foetal lamb from 60 days 
gestation to term as a result of anoxaemia or asphyxia are consistent with 
increasing activity of the autonomic nervous system. 

We wish to thank the Nuffield Foundation for their continued generosity in supporting this 
work. We are also grateful to Drs G. H. Acheson and B. R. Rennick for helping with some of the 
experiments, and to J. Bricknell, T. Denton, A. Ryder and P. J. Tosh for technical assistance. 
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CARDIOVASCULAR REFLEXES PRODUCED BY ELECTRICAL 
EXCITATION OF NON-MEDULLATED AFFERENTS IN THE 
VAGUS, CAROTID SINUS AND AORTIC NERVES 


By W. W. DOUGLAS anp J. M. RITCHIE 


From The National Institute for Medical Research, 
Mill Hill, London, N.W.7 


(Received 29 May 1956) 


The familiar concept of the fibre composition of the carotid sinus and aortic 
nerves, the so-called buffer nerves, is one of large barosensory and small 
chemosensory fibres. Some years ago, however, von Euler, Liljestrand & 
Zotterman (1941) drew attention to the presence in the carotid sinus nerve of 
numerous small medullated barosensory fibres of similar size to the chemo- 
sensory fibres. Subsequent studies have shown that these small fibres behave 
somewhat differently from the large barosensory fibres (Landgren, 1952). 
There is also evidence that the buffer nerves contain in addition a great 
number of even smaller afferents with reflex depressor activity. They may be 
barosensory or not. Their presence has been inferred from experiments in 
which reflex function of the buffer nerves has been correlated with the fibres of 
different excitabilities to electrical stimulation, and on the assumption that 
excitability varies inversely with fibre size. Thus, Douglas, Innes & Kosterlitz 
(1950) found maximal depressor effects on stimulating the cat’s carotid sinus 
nerve only when much stronger stimuli were used than those required to excite 
the chemosensory fibres. The threshold of these fibres was of the same order as 
that usually found for C-type fibres. Later, Douglas & Schaumann (1956) 
found depressor fibres of similar low excitability in the cat’s aortic nerve. 
Recently, Douglas, Ritchie & Schaumann (1956) showed that the rabbit’s 
aortic nerve contains a group of very slowly conducting fibres with depressor 
activity. These small afferents conduct at a rate of about 1 m/sec at 37°C 
and are excited only by strong electrical stimulation. They concluded that 
these fibres are non-medullated (C-type) fibres. The fact that they are non- 
medullated would account for their being overlooked in the single-fibre studies 
such as that of Paintal (1953). The present paper presents evidence that much 
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of the depressor activity of the buffer nerves and of the vagus in the rabbit and 
cat is mediated by such small non-medullated fibres, and describes some of 
their characteristics. 
METHODS 

Adult lop-eared rabbits were anaesthetized with urethane (1-6 g/kg) given through the ear vein. 
A few mm of the carotid sinus nerve, or about 30 mm of the aortic nerve were exposed and cut 
peripherally. Usually both cervical vagi were left intact, but in some experiments a few cm of one 
vagus were exposed and the nerve cut peripherally. Both carotid arteries were ligated high in the 
neck and one was used for recording the systemic blood pressure with a mercury manometer 
writing on a smoked drum. Respiratory movements were recorded by means of an air-filled rubber 
tube tied round the chest and connected to a tambour attached to which was a lever writing on 
the smoked drum. Pairs of platinum electrodes were used for stimulation of the prepared nerves, 
and similar pairs were used for recording the evoked action potentials. The electronic stimulator 
used had an RF output unit (Schmitt, 1948) thus minimizing stimulus escape and shock artifact. 
Rectangular pulses, usually 0-1 msec in duration, were used for stimulation. Two experiments 
on the carotid sinus nerve were made on cats anaesthetized with sodium pentobarbitone (30 


mg/kg) given intraperitoneally. 


RESULTS 
Experiments on the aortic nerve of the rabbit 

Effect on blood pressure, heart rate and respiration. Previous experiments 
(Douglas et al. 1956) dealt with the blood-pressure effects of stimulation of the 
C fibres in the rabbit’s aortic nerve and the experiments were performed in 
vagotomized rabbits. In the present experiments the vagi were left intact in 
order to study the effects of stimulation of these C fibres on heart rate and 
respiration. The central end of one aortic nerve was stimulated with an 
intensity sufficient to excite either the A fibres alone or the A and C fibres 
together. The frequency of stimulation was 16 or 128 shocks/sec: these 
frequencies were chosen because they had been found by Douglas et al. (1956) 
to cause threshold and maximal depressor effects respectively when the A fibres 
of the aortic nerve of the vagotomized rabbit were excited. 

Stimulation of the A fibres alone caused no perceptible change in respiratory 
movements (Fig. 1a). With stimulation of both the A and C fibres together 
there was a profound fall in blood pressure, but no or scarcely any influence on 
respiration (Fig. 1b). In some experiments the frequency of respiratory 
movements was slightly increased and their amplitude somewhat diminished. 
On stimulation of the A fibres alone at 16 or 128 shocks/sec the heart rate was 
either unchanged or slightly slowed; with stronger stimulation which excited 
the C fibres as well there was always slowing of the heart, stimulation at 
128 shocks/sec being slightly more effective than 16 shocks/sec. The degree of 
slowing was never pronounced and usually was between 10 and 15%. 

The nature of the small depressor fibres. It was shown previously (Douglas 
et al. 1956) that the effects of strong stimulation of the aortic nerve were 
associated with excitation of fibres giving rise to the © elevation on the 
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compound action potential. Little, however, was known about the nature of 
these fibres, whether, for example, they were true afferents of the tenth cranial 
nerve, or afferents or efferents associated with the cervical sympathetic. The 
latter possibility had to be considered because of the association of the aortic 
nerve with the cervical sympathetic trunk and middle cervical and stellate 
ganglia: histologists have usually assumed that any non-medullated fibres 
found in the aortic nerve are strays from the sympathetic system (Sarkar, 
1922; Nonidez, 1935). 


Fig. 1. The effect of a 4 sec period of electrical stimulation of the central cut end of a rabbit’s 
aortic nerve. In each record the upper trace indicates respiratory movement and the lower 
trace blood pressure. The periods of stimulation are indicated by the short horizontal bars. 
(a) With a stimulus intensity sufficient to excite only the medullated fibres. Frequencies of 
stimulation: 16 shocks/sec during the first period and 128 shocks/sec during the second 
period. (6) With a stimulation intensity exciting both medullated and non-medullated 
fibres. Frequency of stimulation: 16 shocks/sec. 


In four dissections of the aortic nerve from its point of entry into the superior 
laryngeal nerve to its disappearance in the cardiac region, we confirmed by 
observation with a low power (x6) dissecting microscope the presence of 
fibres running between the cervical sympathetic trunk and the aortic nerve. 
Two dissections were on the left side and two on the right. Fig. 2 illustrates the 
results obtained in the two dissections on the left side. Low in the neck the 
sympathetic trunk appeared to send twigs to the aortic nerve, or vice versa 
(Fig. 2d-f), and often ran bound up with it in a fatty sheath for some distance. 
The aortic nerve in both dissections gave off three branches as it approached 
the arch of the aorta. One branch (a) coursed toward the brachiocephalic 
artery and was lost in the fat in this region. The second (6) followed the classical 
route toward the aortic arch (Nonidez, 1935); it split to give a branch to the 
cephalic-anterior surface and one to the dorsal surface of the aorta between the 
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innominate artery and the left subclavian artery. The third branch (c) plunged 
deep, travelling behind the dorsal surface of the aortic arch toward the heart. 
In the two dissections of the right aortic nerve the presence of the terminating 
twig at the root of the right subclavian artery was confirmed and again the 
sympathetic was found to be more or less closely bound up with the aortic 
nerve low in the neck, and there were in particular several interconnexions 
with the stellate ganglion. In one preparation a branch derived from the 
sympathetic trunk joined a branch from the aortic nerve and plunged deep to 
run apparently to the pericardium. It is thus not unlikely that the aortic 
nerve contains fibres other than those originating in the aortic arch and 
subclavian artery and its C fibres may come from other regions. 


50mm 


Fig. 2. Diagram illustrating the anatomical connexions of the sortic nerve and the cervical 
sympathetic trunk. For explanation of the letters see text. 


This anatomical association of the sympathetic and aortic nerves thus made 
it necessary to consider the possibility that the depressor effect obtained on 
stimulation of the C fibres of the aortic nerves was brought about by stimula- 
tion of C fibres of sympathetic origin. However, this possibility was excluded 
by showing that stimulation of the cranial or peripheral ends of the severed 
cervical sympathetic trunk did not reproduce the profound depressor effects of 
stimulation of the C fibres in the aortic nerve. Furthermore, transverse 
section of the cervical sympathetic trunk, or of the vagus, caudal to the point 
of stimulation of the cut aortic nerve, did not abolish the depressor effect so it 
is unlikely that the sympathetic system in the neck is involved. In one experi- 
ment where the cranial end of the cervical sympathetic was stimulated a slight 
pressor effect was seen and a small depressor response was seen in another two 
such experiments. These small depressor effects may have been due to the 
modification of carotid sinus nerve activity described by Palme (1943). 

Further experiments showed that the slowly conducting fibres are actually 
present within the sheath of the aortic nerve and that they run in the vagus 
beyond the nodose ganglion. Thus, action potentials from C fibres in the aortic 
nerve could be recorded on stimulation of the vagal trunk cranial to the nodose 
ganglion. For this purpose the aortic nerve was removed from the animal 
with the superior laryngeal nerve and the vagus nerve cranial to the nodose 
ganglion. These nerves were placed in Locke’s solution in a Petri dish and, 
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under the high power of a binocular microscope ( x 25-50), the aortic nerve 
was stripped of all connective tissue (apart from the main sheath) and of nerve 
strands surrounding the main nerve. The nerves were set up in liquid paraffin 
with electrodes on the vagus cranial to the nodose ganglion for stimulation 
and on the stripped portion of the aortic nerve for recording. A conducted 
C potential was still found in this stripped preparation. The fibres responsible 
for this potential must therefore be in the aortic nerve proper and not in some 


separate vagal or sympathetic nerve filament accompanying the aortic nerve 
for some distance in the neck. 


Fig. 3. The compound action potentials in a rabbit's isolated aortic nerve set up by a single 
electrical shock and recorded through two pairs of electrodes 25 mm apart. In the upper 
record the A potential is lost in the stimulus artifact. Temp. =38-5° C. Time = 20 msec. 
Calculated conduction velocity of the fastest C fibres = 1-0 m/sec. 


The C potential of the aortic nerve and the way its conduction velocity was 
measured are illustrated in Fig. 3. To measure conduction velocity the isolated 
aortic nerve was set up at the same length as in the body. The nerve was 
stimulated near its junction with the superior laryngeal nerve and action 
potentials were led off through two pairs of electrodes placed at a fixed 
distance apart on a stripped part of the aortic nerve, The values of conduction 
velocity of this C potential obtained in experiments on five aortic nerves lay 
between 1-0 and 1-1 m/sec at 36° C. 

Further eviderice that we are dealing with non-medullated C fibres and not 
with small medullated fibres was obtained from experiments where the aortic 
herve was repetitively stimulated. After the application of a train of shocks 
(10 see at 50 shocks/sec) there was a large increase in the amplitude of the 
action potential, which according to Brown & Holmes (1956) is typical of the 
behaviour of non-medullated axons. Such an experiment is shown in Fig. 4. 


Experiments on the carotid sinus nerve of the rabbit 
In the aortic nerve the evidence that C fibres were responsible for much of the 
depressor effect’ produced by électrical stimulation was obtained from experi- 
ments where the reflex effects and action potentials set up in the nerve by the 
stimulus were simultaneously recorded. Such direct experiments did not 
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prove practicable for the short carotid sinus nerve. Therefore two comple- 
mentary sets of experiments were done showing (1) that the carotid sinus 
nerve contains very slowly conducting fibres which are excited by electrical 
stimuli of high intensity only, and (2) that fibres of such excitability contri- 
bute to the reflex depressor response on stimulation of this nerve. 

The presence in the carotid sinus nerve of slowly conducting fibres of low 
excitability was demonstrated by experiments in which the nerve, together 
with its parent trunk the glossopharyngeal nerve, was isolated from the animal 
and set up in paraffin; the glossopharyngeal nerve was stimulated and action 
potentials were led off from the sinus nerve. In most experiments because of 
the short length of the preparation the conduction velocity could be estimated 
only by measuring the interval between the appearance of the stimulus 
artifact and of the action potential. Such a method mevitably gives values 


b 


a 
Fig. 4. Records of the C potential of a rabbit’s isolated aortic nerve. The A potential is lost in the 
stimulus artifact. Record (a) was taken before and (b) 2 sec after a 10 sec period of stimula- 
tion at a frequency of 50 shocks/sec. The horizontal bar represents 20 msec. Temp. = 38-5° C. 


which are somewhat high, but even so they were usually about 1 m/sec and 
always less than 2 m/sec. In a few experiments, however, the preparation was 
sufficiently long for two pairs of recording electrodes to be placed on the 


carotid sinus nerve. In these experiments the conduction velocity was cal- — 


culated from the time taken by the action potential to travel between the two 
pairs of electrodes. These more reliable estimates of conduction velocity lay 
between 1-0 and 1-1 m/sec at 36° C, 

These slowly conducting fibres were shown to have a low electrical excit- 
ability. When shocks of 0-1 msec duration were used the more slowly conducted 
potential was only evoked when the stimulus intensity was increased to more 
than 20 times that which was threshold for the fast conducted potential. 

After repetitive stimulation the slowly conducted action potential under- 
went a change similar to that illustrated for the aortic nerve in Fig. 4. 

In the second set of experiments the carotid sinus nerve was stimulated and 
_ the systemic blood pressure was recorded. As with the aortic nerve, the 
stimulus intensity required to evoke a maximal depressor response was many 
times greater than that causing a just detectable effect. A typical experiment 
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is illustrated im Fig. 5. Shocks of 0-1 msec duration were applied for a period 
of 10 sec at a rate of 64 shocks/sec ; as will be shown later, this frequency gives 
almost maximal depressor effects. A distinct depressor effect was obtained 
with an intensity of 0-5 unit but at 8 units the stimulus intensity was still sub- 
maximal: at 16 units the effect was maximal. Usually, more than a 20-fold 
increase in stimulus intensity was required to convert a threshold depressor 
response to @ maximal response. 


Fig. 5. The effect of a 10 sec period of electrical stimulation of the central cut end of a rabbit's 
carotid sinus nerve. The upper traces indicate respiratory movements and the lower traces 
blood-pressure responses. The periods of stimulation are indicated by solid horizontal bars. 
The numbers below indicate the intensity of stimulation in arbitrary units. 


The relationship between stimulus intensity and depressor response is shown 
in Fig. 6. This figure illustrates a characteristic feature of the response/intensity 
relationship, namely an inflexion in the curve which occurs in a region of 
stimulus intensities considerably above threshold intensity. In this experi- 
ment the sinus nerve was removed from the animal after the response/intensity 
relationship of Fig. 6 had been obtained and the relative excitability of the 
components of the compound action potential was determined. There were 
two main components, one quickly and the other slowly conducted. An 
electrical response of the slowly conducted fibres was only obtained when the 
stimulus intensity was increased 24 times beyond that causing the first 
appearance of a fast conducted potential. On the assumption that the 
fastest. fibres are responsible for the threshold depressor effects on feeble 
stimulation, the point of inflexion on the response-intensity curve of Fig. 6 
would correspond with threshold excitation of the slowly conducting fibres. 

Excitation of the slowly conducting fibres of the carotid sinus nerve by high 
intensity stimulation produced some slowing of the heart, as did excitation 
of the C fibres of the aortic nerve. There was also a stimulating action on 
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respiration, but as the medullated chemosensory fibres were also excited by 
such stimulation it is not possible to say whether excitation of me slowly 
conducting fibres produce any respiratory effect or not. 

The effect of the frequency of electrical stimulation on the depressor 
response of the carotid sinus nerve was studied for intensities of stimulation 
sufficient to excite only the fast medullated fibres and for intensities which 
excited the fast and slowly conducting fibres together. With stimuli whose 
intensity was 6 times that producing a threshold response, and hence exciting 
only the faster fibres, maximal depressor effects were obtained using frequencies 
of over 100 shocks/sec and with this intensity very weak responses were 
obtained with 16 shocks/sec. With stimuli more than 20 times threshold, 
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Intensity of stimulation (threshold units) 

Fig. 6. The relationship between the intensity of stimulation of the central cut end of a rabbit's 
carotid sinus nerve and the depressor response. The ordinates are the peak falls in blood 
pressure produced by 4 sec trains of shocks at a frequency of 64 shocks/sec and are expressed 
as percentages of the resting blood pressure. The abscissae are the intensities of stimulation 
expressed as multiples of that causing a just detectable depressor response. The arrow is 
drawn to indicate the value of 24 threshold units, i.e. the intensity corresponding to the 
threshold intensity for C fibre stimulation in this preparation (see text). 


i.e. an intensity sufficient to excite the slowly conducting fibres as well, 
depressor effects were obtained with frequencies as low as 2 shocks/sec 
and maximal responses were obtained with frequencies much lower than 
100 shocks/sec. These results are illustrated in Fig. 7 and are similar to those 
described by Douglas et al. (1956) for the rabbit’s aortic nerve. The results 
of both sets of experiments when taken together thus suggest that the 
rabbit’s sinus nerve contains non-medullated fibres similar in character and 
function to those found in the aortic nerve. 


Experiments on the vagus nerve of the rabbit 
_ This nerve consists of many groups of fibres subserving many different 
modalities and is known to contain a large number of non-medullated afferents 
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(Evans & Murray, 1954). Our experiments were confined to demonstrating 
that it is only when the non-medullated nerves of the vagus are stimulated that 
maximal depressor effects occur. In the experiment illustrated in Fig. 8a the 
vagus was stimulated for 4 sec at a frequency of 16 shocks/sec. The intensity of 
stimulation was just smaller than that required to excite the C fibres, as was 
checked by monitoring the action potentials during the experiment. Respira- 
tion was inhibited and there was a moderate fall in the blood pressure. When 


Nan 4 16 64 256 
Frequency of stimulation (shocks/sec) 

Fig. 7. Relation between the peak fall in blood pressure (expressed in arbitrary units) and the 
frequency of electrical stimulation of the central cut end of the rabbit’s carotid sinus nerve. 
The frequency has been plotted on a logarithmic scale. @, with a stimulus intensity sufficient 
to excite only the A fibres; @, with a stimulus intensity exciting A and C fibres together; 
© and (1, corresponding relationship obtained in an experiment on another rabbit, the 
arbitrary units in which the response was measured being suitably scaled so that the peak of the 
curve through the open circles coincided with the peak of the one through the closed circles. 


Fig. 8. The effect of a 4 sec period of electrical stimulation of the central cut end of a rabbit's 
vagus nerve on respiration (upper traces) and on blood pressure (lower traces). Frequency of 
stimulation: 16 shocks/sec. (a) With a stimulus intensity sufficient to excite only medullated 
fibres. (6) With a stimulus intensity exciting both medullated and non-medullated fibres. 
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the intensity was increased so as to stimulate C fibres as well, but without 
causing repetitive firing in the other fibres, there was little change in the 
respiratory response but there was a large increase in the extent and duration of 
the depressor response (Fig. 8b). This powerful depressor action must be 
attributed to stimulation of some of the non-medullated afferents. 


Experiments on the carotid sinus nerves of cats 

In two experiments the cat’s carotid sinus nerve attached to the glosso- 
pharyngeal nerve was isolated from the body and set up in paraffin for 
conduction velocity measurements using two pairs of electrodes as described 
for the rabbit’s sinus nerve. Strong stimulation evoked two distinct potentials 
(Fig. 9). The first, relatively fast conducting, followed close on the stimulus 
artifact; the second was conducted more slowly (1-0 and 1-3 m/sec at 37° C in 
the two experiments). As in the experiments on the rabbit’s carotid sinus and 
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Fig. 9. Record of the compound action potential of a cat’s isolated carotid sinus nerve. The distance 
between the stimulating cathodic electrode and the proximal recording lead was 6 mm. 
Temp. = 36° C; time =3-3 msec. 


aortic nerves the stimulus intensity required to evoke the slowly conducted 
potential was about 20 times that required to set up the fast conducted 
potential when a shock duration of 0-1 msec was used. 

An experiment, done on one of these nerves to test the effect of a previous 
train of impulses on the amplitude of the C potential, gave a negative result. 
But this need not imply that the fibres giving rise to the C potential in the cat’s 
carotid sinus nerve are different from the non-medullated fibres in the aortic 
and carotid sinus nerves of the rabbit which did give the effect, because the 
effect depends on rather precise experimental conditions (Brown & Holmes, 
1956; Ritchie & Straub, 1956a), and even when these conditions are observed 
the effect may be absent. However, both of the cat’s carotid sinus nerves 
studied showed another property characteristic of non-medullated fibres, 
namely a large increase in the recorded C potential on cooling the nerve from 
body temperature to about 20° C (Lundberg, 1948; Ritchie & Straub, 19565). 
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DISCUSSION 


The slowly conducting depressor fibres which we have studied in the rabbit’s 
aortic nerve form an integral part of that nerve. They are contained within the 
sheath of the nerve itself and run with it into the vagus to continue in the 
trunk above the nodose ganglion. Their low conduction velocity, high threshold 
to electrical excitation and characteristic behaviour to repetitive stimulation 
and to cooling indicate that they are non-medullated, C type, fibres. They 
must belong to the group of non-medullated fibres seen in histological sections 
of the aortic nerve (Sarkar, 1922; Nonidez, 1935). The full course of these 
fibres is at present unknown, but our results strongly suggest that they are 
afferents of the tenth cranial nerve and not fibres of sympathetic origin running 
in association with the aortic nerve, as both Sarkar and Nonidez believed. 
Our experiments provide no evidence of the origin of these non-medullated 
fibres or their adequate stimulus, but the dissections, which showed branches 
of the aortic nerve distributed to regions other than the classical aortic areas, 
lend support to our previous suggestion that these fibres might arise else- 
where—for example in the heart (Douglas et al. 1956). 

The main reflex effect of these fibres seems to be the depressor response, but 
they also cause some slowing of the heart. They have no apparent. effect on 
respiration. Non-medullated afferents with similar depressor activity also 
occur in the rabbit’s carotid sinus and vagus nerves. Furthermore, non- 
medullated depressor afferents are probably also present in the carotid sinus 
and aortic nerves of the cat, because depressor fibres of high threshold to 
electrical excitation are known to be present in these nerves of the cat; 
their threshold would correspond with that of the fibres causing the C potential 
demonstrated for the cat’s carotid sinus nerve by our experiments and for the 
cat’s aortic nerve by the experiments of Heinbecker & O’Leary (1933). 

There thus seems to be a large number of non-medullated afferents in the 
carotid sinus, aortic and vagus nerves about which little or nothing is known. 
Practically all our present knowledge of the afferent functions of these nerves 
is based on studies of the medullated fibres—and especially the larger of these. 
Only occasionally has activity been obtained ‘reminiscent’ of 6, or C fibre 
activity (Jarisch & Zotterman, 1948; Landgren, Neil & Zotterman, 1952). In 
all the preparations which we have examined the C fibres exert their depressor 
effects at low frequencies, being in this respect quite distinct from the 
medullated fibres, and it would be of interest to learn the modalities they 
subserve, 

SUMMARY 

i. Action potentials were set up in the rabbit’s aortic, carotid sinus and 
Vagus nerves, and the consequent reflex respiratory, cardiac and vasomotor 
effects recorded. 
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2. These nerves contain a large group of small non-medullated afferent 
fibres (C fibres) with powerful reflex depressor activity in addition to the 
medullated fibres (A fibres) known to be present. 

3. These non-medullated fibres produce their reflex depressor effects at 
much lower frequencies of stimulation than do the medullated fibres. 

4. Excitation of the non-medullated afferents causes a slight slowing of the 
heart but causes no apparent respiratory effects. 

5. Evidence is presented that non-medullated depressor afferents are also 
present in the carotid sinus and aortic nerves of the cat. 

6. The occurrence of these non-medullated afferents in the carotid sinus 
and aortic nerves is discussed. | 
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INFLUENCE OF EXCESS VITAMIN A ON THE SULPHATE 
METABOLISM OF BONE RUDIMENTS GROWN IN VITRO 


By H, B. FELL, tae tate E. MELLANBY anp S. R. PELC* 
From the Strangeways Research Laboratory, Cambridge; The Nutrition 
Building, National Institute for Medical Research; the Medical 

Research Council, Experimental Radiopathology Research Unit, London 
(Received 30 May 1956) 


In organ culture experiments, Fell & Mellanby (1952) found that when vita- 
min A was added to the culture medium (+A medium) of long-bone rudiments 
from chick and mouse embryos, the intercellular material of the cartilage 
rapidly lost its capacity for metachromatic staining, shrank and finally disinte- 
grated; the chondroblasts usually appeared healthy throughout this process. 
Later, the effect of excess vitamin A on the differentiation in vitro of the 
early embryonic epidermis of the chick was investigated (Fell & Mellanby, 
1953); in normal medium the ectoderm formed squamous, keratinizing epi- 
thelium, but in +A medium keratinization was suppressed and the epithelium 
developed into a mucus-secreting, often ciliated membrane resembling the 
normal nasal mucosa. 

The transformation of the epidermis into a mucous instead of a keratinizing 
epithelium was accompanied by a profound alteration in the sulphate meta- 
bolism (Fell, Mellanby & Pelc, 1954). This was shown by treating ectodermal 
explants, grown in +A and in normal medium respectively, with labelled 
sodium sulphate (Na,®°SO,) and studying the distribution of the isotope by 
means of autoradiographs (ARG). In the present investigation similar experi- 
ments were made to elucidate the sulphate metabolism of long-bone rudiments 
grown in normal and in +A medium. For comparison, the in vivo uptake of 
sulphate in the long bones of chick embryos was studied. 


MATERIALS AND METHODS 


Femora and tibiae from 6-day chick embryos were grown by the watch-glass method (Fell & 
Robison, 1929; Fell & Mellanby, 1952) in a mixture of 3 parts of fowl plasma and 1 part of chick 
embryo extract. This mixture was supplemented with approximately 0-2% of glucose. Normal 
medium contained 250-300 i.u. of vitamin A/100 ml., and +A medium 2800-3000 i.u./100 ml. 
The rudiments were transferred to fresh medium every 2 days. ee re 
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from the Radiochemical Centre, Amersham, England. One drop of Tyrode solution containing 
200 ue Na,™SO,/ml. was deposited on each explant and the remaining liquid pipetted off after 
30 sec. 


The explants were fixed in acetic acid—alcohol (1:3; 30 min) followed by formol saline (60 min), 
embedded in paraffin wax and serially sectioned. This method of fixation has been used success- 
fully in previous investigations and has the advantage of combining good preservation of the cells 
with freedom from artifacts in autoradiography. It has the disadvantage that flattening does not 
eliminate folds from sections of cartilage fixed in this way. Autoradiographs of the sections were 
prepared by the stripping film technique (Doniach & Pele, 1950). One slide of each bone was 
exposed for 7-9 days and, after photographic processing, stained with toluidine blue. The slide 
was then treated with 10% acetic alcohol, which largely decolorized the photographic film but not 
the underlying sections; after being washed in tap water, it was passed through the increasing 
concentrations of ethanol to xylene and mounted in DPX. The second slide was exposed for 19- 
25 days and left unstained ; the ARG was sufficiently heavy for observation with a pair of projection 
microscopes, which facilitated comparison of sections. 

Ezpt. in vivo. Eggs were injected with 200 uc Na,™SO, per egg after 7, 9 or 13 days’ incuba- 
tion, opened after 4 or 24 hr, and ARG’s of the long bones prepared. 

Ezpt.no.1, After 4 days’ growth in normal or +A medium, explanted bones were treated with 
Na,™S0, and fixed 2, 4, 24 or 48 hr later. 

Ezpt.no.2. After4daysin normal or + A medium, Na,“SO, was applied ; 24 hr later the explants 
were transferred to non-radioactive medium for 4, 24 or 48 hr and fixed. 

Ezpt. no. 3. After 2, 4, 6, 8 or 10 days in normal or +A medium, Na,*SO, was applied; 4 hr 

later some of the explants were fixed, while others were washed in dilute embryo extract and trans- 
ferred to non-radioactive medium for 24 or 48 hr and then fixed. 
. Bapt. no, 4. Explants were grown for 4 or 6 days in normal medium, then for 4 days in +A 
medium ; after this Na,“SO, was applied for 30 sec, then soaked off and 4 hr later one half of the 
bones were fixed. The other half were transferred to unlabelled + A medium and fixed 2 days later. 
For an equal number of explants the procedure was reversed, i.e. the explants were grown for 
4 or 6 days in +A medium followed by 4 days in normal medium, then treated with Na,*SO, for 
4 hr; half the number were fixed immediately, and the rest after 2 days in normal unlabelled 
medium. 


Altogether 168 explants were used in the experiments. 


‘RESULTS 

Experiment in vivo. In bones fixed 4 hr after injection, the *SO, is concen- 
trated in the cells (Pl. 1, fig. 1): after 24 hr an appreciable concentration is 
found in the matrix as well (Pl. 1, fig. 2), confirming results of previous ex- 
periments on the renewal of chondroitin sulphate in the cartilage of adult 
mice (Pele & Gliicksmann, 1955). It can be concluded that in normal 
cartilage *SO, is bound in an organic substance or substances first. within 
the cartilage cells; this material, which is probably chondroitin sulphate, or a 
precursor which is not removed by fixation, etc., then passes into the matrix. 

The bone rudiments from eggs injected after 7 days’ incubation show almost 
uniform incorporation of *8O, (Pl. 1, fig. 3) throughout the cartilage, which at 
this stage is still continuous in all the long bones, as the marrow cavity is not 
yet formed, The ARG is weaker above the hypertrophic cells in the middle 
portion of the shaft. i 
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After 9 days’ incubation the first signs of the marrow cavity have appeared 
in the middle of the shaft of the femur, humerus and tibia, but not in the ulna 
and radius. After 4 hr contact with *SO, the uptake of the isotope is confined 
to the epiphyses, to the zones of flat, proliferating cells, young hypertrophic 
cells (cf. Amprino, 1954) and to a relatively narrow zone in the middle of the 
shaft (Pl. 1, fig. 4), im which the cells are more tightly packed than in the 
adjacent regions of mature hypertrophic cartilage which show no ARG. This 
narrow zone of ARG coincides with the part of the cartilage which is destined 
to disappear first when the marrow cavity begins to be excavated. The bones 
from eggs injected after 9 days’ incubation and fixed 24 hr later have well- 
developed marrow cavities (Pl. 1, fig. 5). SO, is still found where it was at 
4 hr but, as would be expected, the ARG is much heavier, since 24 hr instead 
of 4 hr were available for incorporation. The cells in the newly formed marrow 
cavity are weakly labelled; the periosteal bone is also labelled. The bones from 
embryos incubated for 13 days show essentially the same uptake as after 9 days; 
some cells in the marrow cavity give a strong ARG (cf. Lajtha, Ellis & Oliver, 
1953). 

Control explants in normal medium. Two and four hours after the application 
of the ®SO, (Expts 1, 3), in all rudiments the sulphate is concentrated more in 
the cells than in the matrix. In the 2-day explants (Expt. 3), which are at an 
early stage of differentiation, are still growing actively and are forming matrix 
throughout their length, the sulphate is taken up intensely by the whole rudi- 
ment, though uptake is greatest in the zones of flattened cells and in the epi- 
physes. In the 4-day (PI. 2, fig. 6) and still more in the 6-day explants (PI. 2, 
fig. 7), however, in which development is more advanced, the heaviest ARG is 
over the young hypertrophic cells in the distal parts of the shaft where matrix- 
formation is probably maximal; the ARG is also dense over the small-celled 
epiphyses and in the two proliferative zones of flattened cells. As hypertrophy 
increases, the uptake in the middle segment of the shaft, where chondrogenesis 
is rapidly coming to an end, becomes progressively less with age, although a 
small proportion of cells continue to bind “SO, (PI. 2, fig. 7); this diminution 
begins in the interior of the hypertrophic zone, i.e. in the oldest cartilage, and 
spreads to the surface. The young periosteum maintains synthesis, however, 
and a weak ARG is seen over the newly formed sheath of bone on the surface 
of the hypertrophic cartilage. 

When the explants are transferred after 4 hr in labelled medium to non- 
radioactive medium for 24 hr (Expt. 3), the ®SO,, though still plentiful in the 
cells, is more evenly diffused throughout the cartilage. The intensity of the 
ARG as seen by low power seems diminished in the epiphyses, but the total 
content of *58Q, is about the same in the young hypertrophic cells and in the 
middle segment of the shaft. To some extent it has merely become more 
dispersed as @ result of the expansion of the growing rudiment. Incubation 
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on non-radioactive medium for a further 24 hr produces a still greater 
diffusion of the ARG, the matrix often containing much more “80, than the 
cells, 

The rudiments grown continuously for 24—48 hr in labelled medium (Expt. 1) 
show the same trend, but results are less clear-cut because labelled sulphate is 
available for up to 2 days. For this reason the difference between cells and 
matrix is less pronounced. Similarly, explants grown in labelled medium 
for 24 hr and then transferred (Expt. 2) give the same result as those of 
Expt. 3, but the situation is more complicated because some sulphate is 
already concentrated in the matrix at the time of transfer to non-labelled 
medium. 

+A explants. As in the controls, 4 hr after the application of the *SO, 
more sulphate is present in the cells than in the matrix. Throughout the series, 
the femur is more affected by the +A than the tibia. After 2 days in +A 
medium, the matrix of the femur shows a slightly weakened metachromatic 
stain in the peripheral regions of the epiphyses and of the proliferative zones of 
flattened cells, but no histological change can be detected in the tibia. The 
regions of reduced metachromasia have taken up rather less sulphate than the 
rest of the femur and throughout both rudiments the uptake seems to be some- 
what lower than in the corresponding controls. After 4 days’ growth, the loss 
of metachromatic stain from the peripheral matrix of the zones of flattened 
cells is more pronounced in the femur and has now appeared in the tibia also; 
the uptake of *SO, is greatly reduced in the matrix that fails to stain with 
toluidine blue, but elsewhere is only slightly less dense than in the controls 
(PL. 2, fig. 8). In the 6-day +A explants, the zones of flattened cells show simi- 
lar but more extensive areas of nearly unstained matrix with greatly diminished 
uptake, but in addition peripheral regions of the hypertrophic zone, though 
still staining with almost normal intensity, take up much less “SO, than in the 
controls. In some rudiments at this stage the changes are more advanced; in 
the middle segment of the shaft the matrix has almost completely lost its 
affinity for toluidine blue and the ARG is very sparse. 

Twenty-four hours after transfer to non-radioactive +A medium, the ARG 
in the +A explants, as in the controls, is less concentrated in the cells and more 
evenly distributed between the cells and matrix. The 2-day explants show a 
slight loss of metachromasia and less ARG at the periphery of the zones of 
flattened cells when examined 24 and 48 hr after transfer, but otherwise do not 
differ from the controls. A greater change appears in the 4-day explants when 
grown for a further 24-48 hr on non-radioactive +A medium. In the femur 
fixed 48 hr.after transfer, the matrix of a large part of the zone of flattened 
cells has lost its affinity for toluidine blue, is much reduced in amount and has 
almost completely lost its ARG, although some remains in the cells; metachro- 
masia and *§Q, have almost disappeared from the shaft. The tibiae fixed after 
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24 and 48 hr on non-radioactive +A medium show similar but usually less 
pronounced changes. 

The femora cultivated for 6 days in +A medium are drastically affected 
after further growth on non-radioactive + A medium. Twenty-four hours after 
transfer there is much peripheral loss of metachromasia from the zones of 
flattened and young hypertrophic cells, and while some *§ remains in the cells, 
it has almost completely gone from the intercellular material; other parts of 
the rudiment also show such peripheral changes, though to a lesser degree. 


TasLe 1, (Expt. 3.) Comparison of autoradiograph and metachromatic staining of the 
shafts of bones grown in + A and in normal medium 


Normal medium +A medium 


M, metachromatic stain: 0, none; 1, slight; 3, strong; 4, very strong. 
ARG: 0, none; 3, strong; 4, very strong. 


After 48 hr (PI. 2, fig. 9), the matrix has almost disappeared from some zones 
of flattened cells, and the SO, is greatly reduced in both cells and matrix; the 
peripheral matrix of the epiphyses has lost its characteristic staining and most 
of its *S$0O,, but the interior still stains normally and has an intense ARG. There 
is no uptake of *SO, in the mature hypertrophic cells of the shaft, even in 
regions which still show metachromasia. Relative values for the intensity of 
metachromatic staining and ARG in the shaft are given in Table 1 (Expt. 3). 
In tibiae cultivated for 6 days the changes are similar but less advanced. 

A time-lag between the disappearance of *SO, and of metachromasia can 
be seen in Table 1. Metachromatic staining in the shaft of the femora is intense 
up to the 6th day of cultivation in +A medium and then diminishes rapidly. 
All the $0, which was taken up in the shafts of the 4-day explants has 
disappeared 2 days later, and subsequently the cells cease to utilize *SQ,. 
A similar effect appears about 2 days later in the tibiae. The connexion between 
intensity of metachromatic staining and concentration of chondroitin sulphate 
is not known; and further, since staining was not standardized in our experi- 
ments and our estimate of the intensity of the stain is subjective, we cannot 
state what loss of chondroitin sulphate is equivalent to a given change in the 
staining reaction. It can be assumed, however, that a drop from vour grade 4 to 
grade 0 represents almost complete disappearance of chondroitin sulphate. 
For the ARG’s a quantitative estimate of the change is easier, and a drop from 
grade 4 to grade 0 is equivalent to a loss of 95% or more of the isotope. It can 
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be concluded that the time-lag between the disappearance of SQ, and of 
metachromasia is a real difference. 

Mized treatment (Expt. 4). Pl. 2, figs. 10-12, show stained sections and ARG 
of explants which were cultivated either first in normal medium and then in 
+A medium, or first in +A and then in normal medium. It is seen that 
rudiments grown first in + A medium are much more affected than those which 
were first cultivated on normal medium. For example, the rudiment shown in 
Pl. 2, fig. 10 (4 days normal+4 days +A) is only bent, and the centre of the 
shaft is well stained, whilst that in Pl. 2, fig. 12 (4 days +A +4 days normal) is 
broken and distorted. Two days later (PI. 2, fig. 11, 4 days normal +6 days + A) 
the middle of the shaft is severely affected and bent sharply. These rudiments 
grown first in nortnal medium thus differ in an important respect from those 
continuously grown in +A medium, which show a constriction in the zone of 
proliferating cells before the shaft is drastically altered (Fell & Mellanby, 1952). 
Conversely, the region of proliferating cells is much less affected than in rudi- 
ments grown only in +A medium. The sequence of damage in rudiments first 
grown in +A medium and then in normal seems to follow the pattern of con- 
tinuous growth in +A medium. All the explants are severely damaged; the 
epiphysis has been detached from the shaft, the remains of which are relatively 
straight. As far as the experiments overlap, these results agree with Herbert- 


son’s findings (1955). 
DISCUSSION 


The uptake of *SO, by the control explants in normal medium is very similar 
to that of the normal long-bone rudiments in the embryo. In both, the sulphate 
is first concentrated in the cells and then appears in the matrix; the ARG is 
most intense over the epiphyses, the proliferative regions and the newly 
formed distal hypertrophic cartilage ; as development proceeds it becomes pro- 
gressively less in the old hypertrophic cartilage in the middle of the shaft, 
indicating that the synthesis of matrix is diminishing in this region. The main 
difference between the normal long bone in the chick and the control explants 
is the presence in the former of a narrow zone of ARG over an area of closely 
packed cartilage cells in the middle of the shaft (Pl. 1, fig. 46). This region is the 
first to be eroded when the narrow cavity is formed, and it is absent in the 
control explants in vitro in which no marrow cavity develops; this uptake of 
8580, suggests that the area may be the site of catabolic processes preceding 
dissolution. 

When the control explants are compared with those grown in +A medium 
the following facts emerge: (1) in explants grown in normal medium, the 
cartilage of the shaft retains all or most of the ®SO, once it has been incorporat- 
ed; (2) in the explants grown for 4 days in +A medium, **SO, is taken up, but 
after a further 2 days in unlabelled + A medium much of the sulphate is lost, 
especially from the middle of the shaft and the periphery; (3) after about 
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6 days’ growth in +A medium, the peripheral cartilage and the middle seg- 
ment of the diaphysis cease to incorporate *§0,; (4) explants grown first in 
+A and then in normal medium are more severely damaged than those grown 
first in normal and then in +A medium. 

Our experiments indicate, therefore, that vitamin A both inhibits the synthe- 
sis of new cartilage matrix and causes the dissolution of that already formed. 
These results could be explained, at least in part, by the following hypothesis: 
(a) excess vitamin A causes cells either to elaborate a new enzyme which con- 
verts chondroitin sulphate to a more soluble form, or to produce excessive 
amounts of an enzyme which is already present in the tissue: (6) this enzyme 
diffuses into the matrix, and (c) once cells have begun to produce this enzyme, 
they continue to do so: Chondroitin sulphate in normal adult cartilage is con- 
tinuously broken down in the matrix and replenished by the cells (Pele & 
Gliicksmann, 1955). It is therefore likely that an enzyme which hydrolyses 
chondroitin sulphate is normally present. ; 

Under the influence of excess vitamin A the concentration of this hypotheti- 
cal enzyme will at first be high in the cells, but when sufficient quantities have 
been secreted into the matrix the existing chondroitin sulphate will be affected. 
There will therefore be a time-lag between the production of this soluble sul- 
phated compound and the dissolution of old matrix. This would account for the 
time-lag between the disappearance of bound “SQ, and that of metachromatic 
staining (see Table 1). It is hoped to test this hypothesis by experiments on 
the uptake of C-labelled vitamin A and by comparing the enzymic action of 
extracts of vitamin-A-treated and untreated explants. 

As described above, the effect of vitamin A is not uniform throughout the 
rudiment. Thus the loss of metachromatic staining and of sulphate uptake 
begins near the surface and spreads inwards; this may be correlated with the 
inward diffusion of the vitamin from the culture medium. In addition, the old 
hypertrophic cartilage of the shaft is more rapidly and severely affected than 
the distal cartilage. It has been shown that normally the synthesis of matrix is 
waning in the middle of the shaft while it is still active distally; it might be 
expected that this natural decline in the synthetic processes would be hastened 
by the vitamin, so that matrix formation would be arrested in this region 
before it ceased in other parts of the rudiment. | 

Dziewiatkowsky (1954) has investigated the effect of vitamin A on the sul- 
phate metabolism of vitamin-A-deficient rats. He found that the administra- 
tion of vitamin A causes a higher uptake of sulphate in the mucopolysaccharide 
of the end of the femur and in the skin after a delay of about48 hr. Thisincreased 
uptake (Dziewiatkowsky, 1954, text-figs. 1, 2) is probably due to unbound 
sulphate since it does not appear in the series where the unbound sulphate has 
been removed (Dziewiatkowsky, 1954, text-fig. 4). This author’s autoradio- 
graphs also indicate a quicker release of bound sulphate from the epiphysial 
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cartilage after vitamin A was given to deficient animals. Dziewiatkowsky’s 
results are thus comparable to ours, which show very little effect of excess 
vitamin A on explanted limb-bone rudiments during the first 2 days in +A 
medium, but a rapid disappearance of the *S after more prolonged exposure 
to the vitamin. 

SUMMARY 

1. The influence of excess vitamin A, on the sulphate metabolism (Na,**80,) 
of chick long-bone rudiments grown in vitro by the watch-glass method, was 
investigated by means of autoradiography. 

2. The normal medium used for the controls (3 parts fowl plasma +1 part 
chick embryo extract+0-2% added glucose) contained 250-300 iu. of 
vitamin A/100 ml., and the +A medium 2800-3000 i.u./100 ml. One drop of 
Tyrode solution containing 200cNa,*SO,/ml. was deposited on each explant 
and was pipetted off after 30 sec. 

3. Some explants were fixed after 2, 4, 24 or 48 hours in labelled medium; 
others were transferred after 4 hours to unlabelled medium and fixed 24 or 48 
hours later. 

4. For comparison, eggs were injected with 200uc Na,*SO, after 7, 9 and 
13 days’ incubation, the long bones were fixed 4 or 24 hours later and serial 
sections were cut from which autoradiographs were made. 

5. In all the bones, both normal and explanted, fixed 2 and 4 hours after 
labelling, sulphate was mainly concentrated in the cells; later, considerable 
quantities were found in the matrix, confirming earlier results on the sulphate 
metabolism of cartilage in mice. 

6. In the rudiments from normal embryos, uptake was almost uniform 
throughout the cartilage in 7-day chicks; after 9 days’ incubation it was con- 
fined to the epiphyses, the proliferative zones and a narrow region in the 
middle of the shaft; in 13-day rudiments the narrow zone of uptake in the 
middle of the shaft had been replaced by the invading marrow. 

7. Control explants grown in normal medium showed essentially the same 
uptake as the embryonic rudiments labelled in ovo; when the control explants 
were transferred from labelled to unlabelled medium for 2 days little bound 
sulphate was lost. 

8. In +A medium uptake diminished in the peripheral regions of the 
epiphyses and of the shaft. Two days after transfer to unlabelled medium 
there was an appreciable loss in the periphery of the shaft; this preceded the 
disappearance of metachromasia from the matrix, after which the cells were 
unable to bind sulphate. 

9. If explants were first grown for 4-6 days in +A medium and then trans- 
planted to normal medium for 4 days, the changes were similar to those 
produced by continuous culture in +A medium, but if normal medium were 
followed by +A medium, the effect was much less drastic. 
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10. It is tentatively suggested that, under the influence of vitamin A, the 
cartilage cells may produce an enzyme which results in the formation of a 
soluble sulphated mucopolysaccharide, instead of the normal chondroitin 
sulphate, and in the dissolution of existing matrix. 


The authors wish to thank Lady Mellanby and Dr G. Popjak for helpful and constructive 
criticism of the manuscript; Mr R. J. C. Stewart, who made the cultures and contributed in many 
other ways to this work, for his skilful and enthusiastic help; and Mr V. C. Norfield, who printed 
the photographs and prepared the plates. 
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EXPLANATION OF PLATES 


epiphysis ohe old hypertrophic cartilage 
he hypertrophic cartilage  yhe young hypertrophio cartilage 
mc marrow cavity zfc zone of flattened cells 


Photographs of limb bones of normal embryos, from eggs into which Na,**SO, had been injected 

(in vivo experiment). Figures 3—5 are all to the same magnification. 

Fig. 1. Hypertrophic cartilage from the femur of a 9-day embryo, fixed 4 hr after injection of 
Na,*SO,. The ARG is mainly concentrated above the cells; slide exposed for 7 days, stained 
with toluidine blue. 

Fig. 2. Hypertrophic cartilage from the femur of a 9-day embryo, fixed 24 hr after injection of 
Na,*8O,. The ARG is now profuse over the matrix as well as over the cells; slide exposed for 
7 days, stained with toluidine blue. 

Fig. 3. Humerus from a 7 day embryo, 4 hr after injection of Na,*SO,. The ARG is weak above 
the hypertrophic cells in the centre of the shaft; elsewhere the incorporation of the *SO, 
is fairly uniform. (a), slide exposed for 7 days, stained with toluidine blue; (b) 21 days’ 

unstained. 


exposure, 

Fig. 4. Humerus from a 9-day embryo, 4 hr after injection of Na,*SO,. The uptake of *SO, is now 
confined to the distal parts of the bone, except for a narrow zone of ARG (marked with an 
arrow) in the middle of the shaft; (a) and (6) as for fig. 3. 
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Fig. 5. Humerus from a 10-day embryo, 24 hr after injection of Na,™SO,. Excavation of the 
marrow cavity has begun in the middle of the shaft. (a) and (b) as before; the dark appearance 
in (a) is partly due to the heavy autoradiograph. 


2 

Photographs of explanted femora and tibiae (Expt. 1, figs. 6-9; Expt. 4, figs. 10-12). Figs. 6, 
7, 9 and 10-12 are to the same magnification. : 
Fig. 6. Tibia; 4 days in normal medium; Na,”S0O,, 4 hr. The ARG is heaviest over the young 
(distal and peripheral) hypertrophic cartilage and weakest over the oldest hypertrophic 
cartilage in the interior of the shaft; it is also dense over the epiphysis and zone of flattened 

cells. Slide exposed 19 days, unstained. 
Fig. 7. Femur; 6 days in normal medium; Na,*S0O,, 4 hr. The ARG is very sparse over the old 
hypertrophic cartilage. (a) Slide exposed 7 days, stained with toluidine blue; (b) 19 days’ 

unstained 


exposure, ; 

Fig. 8. Tibia; 4 daysin +A medium; Na,*SO,, 4 hr. Peripheral area in the zone of flattened cells; 
both the ARG and the coloration of the matrix progressively diminish towards the surface 
of the cartilage; the arrow indicates the long axis of the rudiment. 7 days’ exposure, stained 
with toluidine blue. 

Fig. 9. Femur; 6 days in +A medium; Na,™SO,, 4 hr. The rudiment is greatly distorted, the 
peripheral matrix of the epiphysis has begun to lose its staining capacity and shows a 
diminished ARG, while, except in the interior, the shaft has lost both its affinity for toluidine 
blue and its capacity to take up “SO, (a) and (5) as fig. 7. 

Fig. 10. Femur; 6 days in normal medium +4 days in +A medium; Na,*SO,, 4 hr. The matrix in 
the middle segment of the shaft has not lost all its staining capacity, and the rudiment has 
preserved a fairly normal shape. (a) and (b) as fig. 7. 

Fig. 11, Femur; 6 days in normal medium +6 days in +A medium; Na,*SQ,, 4 hr. The shaft is 
more severely affected than in the explant shown in fig. 10. (a) and (5) as in fig. 7. 

Fig. 12. Femur; 4days in + A medium + 4 days in normal medium; Na,™SO,, 4 hr. The explant is 
much more drastically altered than those grown first in normal and then in +A medium 
(figs. 10, 11). (@) and (6) as in fig. 7. 
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CONCENTRATION OF RADIO-IODIDE AND “S-THIOCYANATE 
BY THE SALIVARY GLANDS : 


By J. H. LOGOTHETOPOULOS* anv N. B. MYANT 


From the Department of Pathology, and the Medical Research Council 
_ Experimental Radiopathology Research Unit, 
Hammersmith Hospital, London 


(Received 1 June 1956) 


It has recently been shown that iodide is concentrated by certain parts of 
the duct system of the hamster’s salivary glands (Cohen, Logothetopoulos & 
Myant, 1955). We have now extended these observations to the salivary glands 
of mice and rats. Since thiocyanate is known to inhibit the concentration of 
iodide in the saliva (Freinkel & Ingbar, 1953; Rowlands, Edwards & Honour, 
1953) we have also studied the concentration of *8-labelled thiocyanate in the 
salivary glands. 
METHODS 
Radio-iodide as Na™ I (2 yc/g body weight, without carrier), or **S-thiocyanate (1 yc/g body 
weight, with 1-5 ug of carrier/ uc), was injected intramuscularly. One hour later the animal was 
anaesthetized, the salivary glands removed, and a blood sample taken by cardiac puncture. Saliva 
was sucked from the mouth with a pipette. One of each pair of glands was removed for measure- 
ment of total radioactivity and for quantitative estimation of the I and *S by paper chromato- 
graphy. The remaining salivary glands were removed and dried in the frozen state. Contact 
autoradiographs were then made from sections of the dried material. The methods used have been 
described in an earlier paper (Logothetopoulos & Myant, 19564). With the exception mentioned in 
the text, all the sections were stained with haematoxylin and eosin after fixation in alcohol and 
formalin. 
| RESULTS 
Table 1 shows the tissue/plasma ™I and *°S concentration ratios observed. In 
the saliva and submaxillary glands of hamsters and mice, the ™] and 358 
concentration ratios were both above unity, the ratio for ™'I exceeding that 
for *§. In the sublingual and parotid glands of hamsters and mice, the 1 and 
*§ concentration ratios were below unity. In rats, concentration ratios above 
unity were not observed in any of the salivary glands or in the saliva. 
Sections of the hamster’s submaxillary gland (Pl. 1, fig. la, b) show the 
haematoxyphilic cells of the serous acini, interspersed with ducts lined by 
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eosinophilic cells, Two parts of the duct system can be distinguished. At the 
proximal (acinar) end, the lumen is narrow and is lined by tall cells with basal 
nuclei and coarse granules in the cytoplasm near the luminal surface. At the 
distal end, the lumen widens and is lined by flatter cells with central nuclei. 
After injection of radio-iodide, autoradiographs made from the same sections 
showed patches of blackening corresponding to the position of the proximal 
ducts (Pl. 1, fig. 1a). The intensity of blackening over the acini and over most of 
the distal ducts was no greater than that over blood-vessels. Over a few of the 
distal ducts, however, blackening was almost as intense as that over the 
proximal ducts. After injection of *8-thiocyanate, the pattern of blackening 
(Pl. 1, fig. 15) was the same as that seen after injections of radio-iodide, except 
that the contrast between the blackening over the ducts and that over the 
acini was less distinct. Under higher magnification, the blackening over the 
proximal ducts could be seen to extend uniformly beyond the lumen, almost as 
far as the peripheral border of the cells. Blackening was also present over 
proximal ducts cut through a plane which excluded the lumen. It is probable, 


TaBLeE 1. Plasma/salivary gland and plasma/saliva concentration ratios for ™I 


and *§-thiocyanate at 1 hr after injection 
Submaxillary Sublingual Parotid Mixed saliva 
Hamster 46 13 0-45 0-38 0-65 0-35 32-5 5-1 
Mouse 4-7 16 0-49 0-27 0-61 0-44 17-4 4-4 
Rat 0-44 0-34 0-20 0-21 0-30 0-28 0-35 0-27 


therefore, that “I and *°S concentrated within the cells contributed to the 
blackening over the proximal ducts. Owing to the poor resolving power of the 
method, it was not possible to determine whether radioactivity within the 
lining cells also contributed to the blackening seen over some of the distal ducts. 

In sections of the hamster’s sublingual gland, most of the field is occupied 
by the darkly stained cells of the mucous acini, the ducts being much less 
numerous than in sections of the submaxillary gland. The proximal end of the 
duct is lined by cuboidal cells with central nuclei and eosinophilic cytoplasm. 
At the distal end the lumen widens and the cells are flatter. After injection of 
radio-iodide, autoradiographs showed blackening over the ducts, but not over 
the acini (Pl. 2, fig. 2). We have not been able to obtain satisfactory auto- 
radiographs of the hamster’s sublingual gland after injection of **S-thiocyanate. 

Sections of the hamster’s parotid gland show the acini lined by darkly 
stained serous cells, and the ducts lined by eosinophilic cells with central nuclei 
(Pl. 1, fig. 36). Sections stained by the periodic acid-Schiff method (PI. 1, 
fig. 3a) show, in addition to these ducts, others with a narrow lumen lined by 
small dark cuboidal cells. These connect the acini with the main ducts. After 
injection of radio-iodide, the corresponding autoradiographs showed patches 
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of blackening over the large ducts, but not over the acini or over the small 
Schiff-positive ducts (Pl. 1, fig. 3a). In the same hamster, the concentration of 
81] in the parotid ducts was less than in the ducts of the submaxillary, since 
longer times of exposure were required to give the same degree of blackening on 
the autoradiograph. After injection of *S-thiocyanate the pattern of blackening 
on the autoradiograph was similar to that observed after radio-iodide (Pl. 1, 
fig. 3b). As with the submaxillary gland, the contrast between the black areas 
over the ducts and that over the rest of the section was less marked after 
%5§-thiocyanate than after radio-iodide. When autoradiographs were made 
from sections of the hamster’s salivary glands after dewaxing and fixation in 
alcohol and formalin, no blackening was seen, either after radio-iodide or 
after *8-thiocyanate. 

Sections made from the submaxillary glands of mice were, in general, 
similar to those from hamsters. In some sections, however, the structures 
lined by tall eosinophilic cells with basal nuclei, corresponding to the proximal 
ducts of the hamster’s submaxillary gland, were much more numerous, and in 
some cases occupied at least half the field (Pl. 2, fig. 6). After injection of 
radio-iodide and of **S-thiocyanate, the pattern of blackening on the auto- 
radiograph was similar to that seen in hamsters. 

The sublingual glands of mice were histologically similar to those of 
hamsters, when stained by haematoxylin and eosin. With radio-iodide the 
intensity of blackening on the autoradiograph over the acini and over most of 
the ducts was no greater than that over blood-vessels, but patches of blackening 
were just visible over some of the ducts (Pl. 2, fig. 4a). With *S-thiocyanate 
the intensity of blackening over the acini and ducts was nowhere greater than 
that over blood-vessels (fig. 46). Sections of the parotid glands of mice were 
indistinguishable from those of hamsters, and gave similar autoradiographs 
after injection of radio-iodide (Pl. 2, fig. 5) and of *S-thiocyanate. 

A few observations were made on the salivary glands of mice at 10and 45 min 
after injections of radio-iodide. The pattern of blackening on the autoradio- 
graphs was the same as that observed at 1 hr after injections of radio-iodide. 
In the submaxillary gland, for example, patches of blackening were present 
over both the proximal and distal ducts, but not over the acini (Pl. 2, fig. 6). 

When stained by haematoxylin and eosin, sections of the submaxillary and 
parotid glands of rats were histologically similar to those of mice. After 
injections of radio-iodide, however, the intensity of blackening on autoradio- 
graphs from submaxillary and parotid glands was more or less uniform over 
the whole section; patches of blackening were not observed over any of the 
ducts or acini. Autoradiographs made from the stomachs of the same rats 
showed blackening over the surface epithelium and gastric pits, similar to that 
observed in hamsters (Logothetopoulos & Myant, 19562). 

Chromatograms from whole homogenates of the hamster’s salivary glands, 
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removed after injection of radio-iodide, showed a peak of radioactivity at the 
position of the iodide marker. This accounted for about 90% of the total 
radioactivity. A small peak was also present at the origin. Radioactivity 
above the background level was not present at the diiodotyrosine or thyroxine 
spots on any of the chromatograms. Similar results were obtained when saliva 
was analysed in the same way. Chromatograms made from homogenates of 
salivary glands and from saliva after injection of *S-thiocyanate showed two 
peaks of radioactivity. The main peak, at the Ry value of thiocyanate in the 
solvents used, accounted for about 80% of the total. The smaller peak, at the 
Ry value of sulphate, accounted for 5-20% of the total. The peak at the R, 
value of sulphate was not present on chromatograms made from plasma 
removed from the hamster at the same time as the salivary glands. 


DISCUSSION 


The pattern of blackening over the submaxillary glands of hamsters and mice 
shows that radio-iodide is concentrated by the cells of the proximal ducts. It 
is likely that ™I is concentrated within the cells, since the areas of blackening 
appear to extend over most of the area occupied by the ducts, even when no 
lumen is present in the section. This suggests that radio-iodide is concentrated 
in the saliva by secretion from the cells into the lumen, rather than by 
reabsorption of water from saliva that has been secreted by the acini. The 
blackening over the proximal ducts cannot be explained by concentration of 
131] in the saliva secreted in the acini and carried down to the ducts, because 
the intensity of blackening over the serous acini was never greater than that 
over the blood-vessels, and in some sections it was less. The absence of 
blackening over the serous acini of mouse salivary glands at 10 and 45 min 
provides further evidence against this possibility. The blackening seen over 
some of the distal ducts may have been due to “I secreted by the lining cells 
of the distal ducts, but may equally well have been due to radioactive saliva 
carried down from the proximal ducts. 

The pattern of blackening over the parotid and sublingual glands of ham- 
sters shows that radio-iodide is concentrated in the main ducts lined by cuboidal 
eosinophilic cells, but not, in the case of the parotid, in the proximal ducts lined 
by Schiff-positive cells. 

With the possible exception of the hamster’s sublingual gland, the pattern 
of blackening given by all the salivary glands of hamsters and mice was similar 
after injections of radio-iodide and *°8-thiocyanate. This suggests that iodide 
and thiocyanate are concentrated in saliva by the same transport mechanism, 
and is in accord with the conclusions reached by Edwards, Fletcher & Rowlands 
(1954), who studied the antagonism between iodide and thiocyanate in human 
saliva. The lower saliva/plasma concentration ratios and the less distinct 
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pattern of blackening after **S-thiocyanate are to be expected, since carrier 
was given with the thiocyanate but not with the radio-iodide. 

The chromatographic analysis of saliva and of homogenates of salivary 
gland suggest that both iodide and thiocyanate are concentrated from the 
plasma and secreted into the saliva mainly as free or loosely bound ions, 
although some oxidation of thiocyanate to sulphate may take place within the 
salivary gland. 

Judged by the intensity of autoradiographic blackening, the ducts from 
different salivary glands vary greatly in their power to concentrate iodide and 
thiocyanate. In hamsters and mice the greatest activity is shown by the 
proximal ducts of the submaxillary gland, whereas the ducts of the sublingual 
glands of mice show little or no concentrating activity. To some extent these 
differences are correlated with observable differences in the cells lining the 
ducts. However, we have been unable to find any histological differences 
between the submaxillary ducts of rats and those of hamsters and mice. The 
absence of concentrating activity in the salivary glands of rats is unlikely to be 
due to some general inhibitory influence present in rats but not in hamsters or 
mice, because iodide and thiocyanate are concentrated in the rat’s stomach 
(Logothetopoulos & Myant, 1956a). It seems more likely that the difference 
lies in the ducts themselves, though no difference is revealed by staining with 
haematoxylin and eosin. 

We have reported elsewhere that iodide and thiocyanate are concentrated in 
the same cells of the gastric mucosa (Logothetopoulos & Myant, 1956a) and 
that, like iodide, thiocyanate is concentrated in the thyroid (Logothetopoulos 
& Myant, 19565). On the basis of these observations and of other studies on 
the salivary glands (Edwards et al. 1954), we suggest that the same mechanism 
is responsible for concentrating iodide and thiocyanate in the thyroid, and that 
this mechanism is also present in the gastric epithelium, but not the intestinal 
epithelium, and in certain parts of the ducts of the salivary glands of mice and 
hamsters, but not of rats. 

SUMMARY 

1. Contact autoradiographs were made from freeze-dried sections of the 
salivary glands of hamsters, mice and rats after injections of radio-iodide and 
**8-labelled thiocyanate. 

2. Selective blackening was found over the proximal ducts of the sub- 
maxillary glands and the main ducts of the parotid glands of hamsters 
and mice. The pattern of blackening was similar after radio-iodide and 
*§-thiocyanate. 

3. Selective blackening was not observed over sections of the salivary 
glands of rats after radio-iodide. 

4. Radio-iodide and *S-thiocyanate were concentrated in the saliva and 


submaxillary glands of hamsters and mice, but not of rats. 
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5. Chromatographic analysis of the radioactivity in saliva and homogenates 
of salivary glands of hamsters and mice showed that, after injection of radio- 
iodide, at least 90°, of the activity was due to iodide, and that after injection 
of *§-thiocyanate, at least 80°, was due to thiocyanate. 


We are grateful to Dr B. Cohen for some of the observations in Table 1. 
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EXPLANATION OF PLATES 
Prats 
Fig. 1. Hamster submaxillary with autoradiograph: a, 1 hr after™*1; 6, 1 hr after *S-thiocyanate. 
Haematoxylin and eosin. 
Fig. 3. Hamster parotid with autoradiograph: a, 1 hr after "I, stained by periodic acid—Schiff 
method; 5, 1 hr after *S-thiocyanate, stained by haematoxylin and eosin. 
pd, proximal duct; dd, distal duct; bv, blood vessel. Scale, 1 mm. 


Prats 2 

Fig. 2. Hamster sublingual with autoradiograph, 1 hr after I. 

Fig. 4. Mouse submaxillary, a, 1 hr after "I; and sublingual, 5, 1 hr after *S-thiocyanate: with 
autoradiographs. dx, proximal duct of submaxillary; dl, sublingual duct. 

Fig. 5. Mouse parotid 1 br after ™ I. 

Fig. 6. Mouse submaxillary 10 min after™ I. pd, proximal duct; dd, distal duct; bv, blood-vessel. 
Centre of section shows two convoluted proximal ducts entering a distal duct, with corre- 
sponding pattern of blackening over both proximal and distal ducts. 

Haematoxylin and eosin. Scale 1 mm. 
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VENOUS OXYGEN SATURATION AND BLOOD FLOW DURING 
REACTIVE HYPERAEMIA IN THE HUMAN FOREARM 


By T. A. McNEILL 


From the Department of Physiology, 
The Queen’s University of Belfast 


(Received 6 June 1956) 


Hooker (1912) showed that anoxia caused isolated segments of arteries to 
dilate. This action might have some bearing on the mechanism of the reactive 
hyperaemia which follows a period of circulatory arrest, if some part at least 
of the tissues involved suffered from hypoxia during the period of arrest. 
Whether or not such hypoxia is responsible for maintaining the high level of 
flow after the circulation is restored would depend on how long the hypoxia 
persists after release of the occlusion. Dornhorst & Whelan (1953) showed that 
a reduction of arterial oxygen saturation both before and after circulatory 
arrest had no effect on the duration of the subsequent reactive hyperaemia. 
The present observations were undertaken to determine the changes taking 
place in the percentage oxygen saturation of the effluent venous blood from 
the human forearm during a period of reactive hyperaemia, and by comparing 
these with the chariges in blood flow, to see if there was any relationship 
between the oxygen uptake of the part and the rate of oxygen delivery by the 
blood. | 


METHODS 


Observations were made on six healthy young men in a laboratory at 21+ 1° C. The subject was 
recumbent throughout the experiment, and for at least 15 min before it started. Temperature- 
controlled plethysmographs (Greenfield, 1954) were applied to both forearms, and filled with 
water at 35°C. An indwelling needle was inserted into the median cubital vein of one side through 
& small area of anaesthetized skin, and through this blood samples could be withdrawn. The 
needle was kept free of blood between sampling periods by a slow infusion of 0-9 % saline (1-2 ml./ 
min). During circulatory arrest this infusion was stopped, and the needle filled with heparin 
(British Drug Houses, 1000 u./ml.) Blood flow measurements were made on both forearms until 
these were in a steady state and appeared to be equal. The circulation through both hands was 
arrested by inflation of pneumatic cuffs around the wrists to 200 mm Hg from the beginning of the 
resting blood-flow measurements until the end of the experiment (Holling, 1939; Kerslake, 1949). 
Two or more ‘resting’ blood samples were then taken from the antecubital vein. The flow measure- 
ments were discontinued on this side, but the plethysmograph remained in position and the wrist 
cuff remained inflated so that both forearms were under the same conditions. The circulation 
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through both forearms was then arrested by inflation of pneumatic cuffs (13 cm wide) around the 
upper arms to 250 mm Hg for a period of 5 min. By a wide-bore T-tap the cuffs could be con- 
nected to either of two reservoirs. From one of these they could be inflated to the occluding 
pressure, and from the other a venous collecting pressure for blood-flow recording could be applied. 
The wide-bore connexions made it possible to achieve almost instantaneous inflation and deflation 
of the cuffs. Immediately on release of the arresting pressure, blood-flow measurements were 
made on one forearm and venous blood samples taken from the other. The first flow was recorded 
5 sec after release, the second 15 sec after, and subsequent flows were recorded at 15 sec intervals 
for 5-10 min, a collecting pressure of 40-50 mm Hg being used (Patterson & Whelan, 1955). 
Forearm blood flow was expressed as ml./100 ml./min, and each point shown in the figures is the 
average of the two flows taken in each half minute. 

Since inflation of a venous congesting cuff causes alteration in venous oxygen saturation 
(Mottram, 1954), blood samples were taken from one forearm and blood-flow measurements made 
on the other. Patterson & Whelan (1955) have shown that symmetrical hyperaemic flow patterns 
are obtained when the forearms are observed under similar conditions. The samples of mixed 
venous blood, each of 8-10 ml., were taken into airtight 10 ml. nylon syringes which had been 
rinsed in, and their dead-space filled with, heparin (1000 u./ml.). A bead of mercury was drawn 
into the syringe (a) to mix the blood and heparin immediately after sampling, and (5) to mix the 
sample just before analysis. The syringe nozzles were sealed and the samples stored at 4° C. 
A sample of blood taken at the end of each experiment was equilibrated with room air, and its 
oxygen content taken to be the oxygen capacity of all the blood samples during the experiment. 
Two methods were used to determine blood oxygen content: 

(i) Manometric method of Peters & Van Slyke (1932). All samples were analysed in duplicate, 
2 ml. being used for each analysis. The mean difference between duplicates was 0-2 ml. oxygen/ 
100 ml. blood for a total of 103 samples. 

(ii) Photometric method, using a Unicam 8.P. 400 Absorptiometer. One ml. from each sample 
was transferred anaerobically from the 10 ml. syringe to a 3 ml. nylon syringe by means of a short 
length of rubber tubing connecting the nozzles, and diluted 1:1 with saponin-carbonate solution 
(2% pure white saponin in 0-1% sodium carbonate solution). These samples were introduced 
serially through a small flat glass cuvette fitted into the instrument (Roddie, Shepherd & Whelan, 
1956), and the optical density was determined at a wave-length of 660m yz. The instrument had 
been calibrated against the manometric apparatus of Van Slyke (Roddie et al. 1956) so that the 
optieal density readings could be converted to percentage saturation. For the purpose of con- 
verting these readings to oxygen content, oxygen capacity was measured with the manometric 
apparatus of Van Slyke. All samples were analysed in duplicate, and if these differed by more 
than 1 % saturation a third analysis was performed. The advantage of this method is that analyses 
were completed in a short time, thus greatly expanding the possible number of observations. 

The forearm oxygen consumption has been calculated by multiplying the arterio-venous 
oxygen difference by the blood flow at the time of sampling. For this purpose the arterial oxygen 
saturation was assumed to remain coastant at 95%. The oxygen consumption was expressed as 
ml. x 10/100 ml. tissue/min, for convenience in plotting the graphs, 


RESULTS 
The results of a typical experiment are shown in Fig. 1. In this experiment 
blood samples were taken from an antecubital vein of the left forearm, and at 
the same time blood-flow recordings were made on the right. The resting levels 
of blood flow had been shown to be nearly equal—2-1 ml./100 ml./min in the 
right forearm and 2-6 ml./100 ml./min in the left. Five seconds after release 
of occlusion the flow was 39-5 ml./100 ml./min, falling to 12-7 ml./100 ml./min 
in 1} min, and returning to the resting level in about 2} min. The resting level 
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of oxygen saturation was 47°%,. In the first 30 sec after release of occlusion 
it had fallen to 41%. The saturation then rose until it reached a peak of 82% 
in 1} min. Thereafter it declined gradually, regaining the resting level in 
4-5 min. 
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Fig. 1. Effect of 5 min circulatory arrest on the percentage saturation with oxygen of the venous 
blood, the blood flow, and the oxygen consumption of the forearm. Solid blocks represent 
venous oxygen saturation by a horizontal line through their centres, and by their length the 
duration of the sampling period. O, oxygen consumption; @, rate of blood flow (half-min 
averages). The period of occlusion is represented by two vertical lines. 

Fig. 2. Venous oxygen saturation, blood flow, and oxygen consumption following release of 
5 min circulatory arrest. Conventions as in Fig. 1. The oxygen saturation of the samples was 
measured photometrically. 


Assuming an arterial oxygen saturation of 95°, the oxygen consumed by 
the forearm at rest was 0-21 ml./100 ml./min, In the first 30 sec after release 
of occlusion it had risen to 3-4 ml./100 ml./min. Oxygen consumption 
reverted to the resting level in 1} min, but the blood flow declined more 
slowly to reach the resting level in 24 min. 

Five other experiments on four different subjects showed the same pattern 
of response, Fig. 2 shows the results of one of these, in which venous oxygen 
saturation was measured photometrically. This technique made it possible to 
analyse a greater number of samples and therefore obtain a more complete 
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picture of the changes in venous oxygen saturation. The first sample was 
started 3 sec before release of occlusion. The saturation of this sample was only 
slightly below the resting value, presumably because it was blood that had 
been lying in the veins during the period of occlusion. The saturation of the 
following sample (10-15 sec after release) was 30°, and thereafter the pattern 
was the same as in all other experiments, the saturation rising to a peak by 
1-14 min after release, and regaining the resting level at 5 min. 
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Fig. 3. Semi-log plot of the blood flow and oxygen consumption, expressed as excess over the 
resting level, during reactive hyperaemia following 5 min circulatory arrest. Conventions 
as in Fig. 1. 


The important fact, to which there are no exceptions, was that the peak 
value of oxygen saturation corresponded approximately to the time at which 
the oxygen consumption returned to the resting level, and at this time the 
blood flow was still raised. The excess blood flow above the resting level at this 
time varied between 3-0 and 7-0 ml./100 ml./min for the six experiments. 
A comparison has been made between the rates of decline of the blood flow 
and oxygen consumption following release of the circulation. The corre- 
sponding blood flows (ml./100 ml./min, half-min averages) and oxygen con- 
sumptions (ml. x 10/100 ml./min) expressed as excess over the resting level 
were plotted on a semi-logarithmic scale against time, and this demonstrated 
that the oxygen consumption returned to the resting level at a more rapid rate 
than did the blood flow. Three of the records treated in this way are shown in 

Fig. 3. 

It has been assumed that there was no change in either the oxygen capacity 
of the venous blood or the percentage oxygen saturation of the arterial blood 
during the experiments, and moreover that the arterial saturation was 95°. 
The results of the following experiments indicate that these were reasonable 

assumptions to make. 
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(i) Large samples (15-20 ml.) of venous blood were collected from one 
subject before and during reactive hyperaemia. The oxygen content and the 
oxygen capacity of each sample was determined in duplicate by the Van 
Slyke manometric technique. It can be seen (Fig. 4 A) that the oxygen content 
fell during the first 30 sec after release of occlusion, then rose to a peak in 1 min, 
and gradually subsided. The oxygen capacity, however, remained sub- 
stantially unaltered throughout. 
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Fig. 4. (A) Oxygen content and oxygen capacity of the effluent venous blood from the forearm 
before circulatory arrest, and during the subsequent reactive hyperaemia. Solid blocks 
represent oxygen content, open blocks oxygen capacity. (B) Percentage oxygen saturation 
of the arterial blood from the brachial artery distal to the occluding cuff before circulatory 
arrest and during the subsequent reactive hyperaemia of the forearm. Conventions as in 
Fig. 1, 


(ii) Blood samples were taken from the brachial artery about 2 in. distal to 
the lower border of the occluding cuff around the upper arm before and after 
5 min circulatory arrest (Fig. 4B). These did not differ by more than 1%, 
and the variation between the samples was small in comparison with the range 
in venous oxygen saturation seen in the main series of experiments. Thus the 
observed changes in venous oxygen saturation cannot be explained by parallel 
changes in arterial oxygen saturation, and no serious errors were involved in 
the assumption of a constant arterial saturation of 95%. 
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DISCUSSION 

The present observations show that during the reactive hyperaemia following 
arrest of the circulation for 5 min the oxygen saturation of the effluent venous 
blood is at first low, but that it very quickly rises above the resting values to 
reach a peak in about 14 min. At this time the blood flow is still raised. The 
oxygen capacity of the venous blood and the oxygen saturation of the arriving 
arterial blood are substantially unaltered. Less oxygen is therefore being 
extracted from each volume of blood passing through the forearm during 
reactive hyperaemia than at rest. This implies that the increased blood flow 
is greater than is necessary to supply the increased requirement for oxygen by 
the tissues. 

It must be asked whether or not the increased oxygen saturation of the 
venous blood indicates an increased oxygen tension in this blood. Rous & 
Drury (1929), and Billings & Maegraith (1938) have shown an increase in the 
hydrogen-ion concentration in ischaemic tissue, and the Bohr effect would 
therefore lead to an increase in the blood oxygen tension even if the oxygen 
saturation remained unchanged. While it is not known how long the Bohr 
effect lasts after release of 5 min circulatory arrest it seems reasonable to 
suppose that in the present experiments the lowered saturation of the venous 
blood immediately after release of occlusion indicates a fall in oxygen tension, 
and that the raised saturation which follows indicates a rise in the oxygen 
tension of the blood. 

If the oxygen tension is raised in the veins it must also be raised in the 
capillaries. It therefore appears that during reactive hyperaemia the oxygen 
tension in the vascular bed becomes considerably elevated. It is clear then 
that at a time at which the blood flow is still raised hypoxia cannot be present 
intravascularly, and is unlikely to be present extra-vascularly. 

If hypoxia is a major factor in maintaining the increased blood flow of 
reactive hyperaemia it must act either directly or indirectly on the arterioles. 
The present observations, however, make it improbable that the arteriolar 
walls are hypoxic, or that hypoxia exists in any other tissues of the forearm 
to produce vasodilator substances. However, one cannot deduce from obser- 
vations on the forearm as a whole that there is no hypoxia at any point in the 
tissues. Thus while the present observations make it most unlikely that the 
tissues are hypoxic during a period of reactive hyperaemia, they do not finally 
exclude hypoxia as one of the factors responsible for reactive hyperaemia. 
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SUMMARY 


1. During reactive hyperaemia following arrest of the circulation for 5 min 
the oxygen saturation of the effluent venous blood rises well above the previous 


resting value. The oxygen capacity of the venous blood and the oxygen 
saturation of the arterial blood remain substantially unaltered. 


2. Itis probable that the oxygen tension in the vascular bed is raised during 
this period, 

3. It is concluded that hypoxia is unlikely to be an important factor in 
maintaining the high rate of blood flow after release of circulatory arrest, 
although the possible presence of local hypoxic foci has not been eliminated. 


I wish to thank Dr R. F. Whelan for his generous help and advice throughout the work, and in 
the preparation of this paper, and the subjects for their kind co-operation. This work was under- 
taken to fulfil requirements for the B.Sc. Degree at the Queen’s University of Belfast. 
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HISTOLOGY AND CYTOCHEMISTRY OF HUMAN SKIN. 
THE DISTRIBUTION OF CHOLINESTERASE IN THE 
FINGER OF THE EMBRYO AND THE ADULT 


By EVELYN B. BECKETT, G. H. BOURNE axp W. MONTAGNA.* 


From the Department of Histology, The London Hospital Medical College, 
London, E. 1 and the Department of Biology, 
Providence, R.I., U.S.A. 


(Received 6 June 1956) 


This investigation describes the distribution of cholinesterases in the embryonic 
and in the adult human finger. It will be shown that sensory nerve endings, 
as well as the motor and sensory nerves, are reactive for cholinesterase. 


METHODS 


The fingers from six foetuses aged 4-7 months were removed from very fresh speci i diately 
after clinical abortion. The four adult fingers were removed shortly after the death of the subjects, 
aged 20, 23, 58 and 90 years. The last phalanx of each finger was split in half to insure proper 
penetration of the fixative and fixed for 4 hr in 4% neutral (non-buffered) saline formaldehyde. 
The tissues were rinsed in distilled water and then sectioned longitudinally and frontally at 50 and 
100 » in the freezing microtome. The sections were washed in two changes of distilled water and 
then they were incubated for 1 hr in the substrate mixture of Koelle & Friedenwald (1949) as 
modified by Gomori (1952). Two substrates, acetylthiocholine iodide and butyrylthiocholine 
iodide were used. For controls, 10-* m-eserine salicylate was added to mixtures containing each 
of the substrates. After washing in three changes of saturated sodium sulphate, the enzyme 
activity was visualized with dilute ammonium sulphide, the sections were washed, mounted on 
albuminized slides, dehydrated, cleared and mounted in balsam. Some sections were counter- 
stained with celestin blue to obtain a better picture of the histological features of the tissues. 
Fifteen-micron frozen sections of tissues fixed for at least 5 days in 4% formaldehyde were 
treated with a modification of the Gros-Bielchowsky silver impregnation method for the demon- 
stration of nerve fibres (Glees, 1946) to enable us to ascertain that the reactive structures revealed 
by histochemical methods contain nervous tissue. 


RESULTS 
In the fingers of embryos all the nerves in the last phalanax of the digit, in- 
cluding the large nerve trunks on the volar side, give a moderate to strong 
cholinesterase reaction. Straight branches from the main trunk of the nerves 
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go toward the surface of the finger and branch several times, each nerve branch 
forming two or three arcades before terminating at the base of the epidermis 
(Pl. 1, fig. 1). Other branches from the nerve trunks swing downward toward ~ 
the sweat glands and form networks and baskets around the coiled portions of 
the glands (PI. 1, fig. 2; Pl. 3, figs. 2, 3). All these nerves give a strong cholin- 
esterase reaction. At the base of the epidermis some nerves may be insinuated 
between the cells of the epidermal papillae; others are attached to the tactile 
corpuscles of Meissner (PI. 1, fig. 3), The corpuscles also give a strong positive 
reaction and appear as solid black oval masses in the dermal papillae. Each 
dermal papilla can be seen to contain at least one Meissner corpuscle. In 
surface view, the corpuscles are spaced roughly equidistant from each other 
and they are arranged in rows which correspond to the ridges on the surface 
of the finger (Pl. 1, fig. 4). The numerous Pacinian corpuscles deeper in the 
dermis, like the Meissner corpuscles, show an intense cholinesterase reaction 
and become blackened. This occurs, however, only in the central body, the 
outer laminae show either no reaction or but a trace of it. Pacinian corpuscles 
are usually arranged along the nerve trunks (Pl. 2, fig. 1). Near the surface 
of the dermis, and usually along the subterminal branches of the nerves to the 
epidermis, structures of variable size and shape are found which show a strong 
cholinesterase reaction (Pl. 2, fig. 2). They are connected both with blood 
vessels and with nerves and seem to be a part of the glomus apparatus. More 
precisely these structures may correspond to the Sucket-Hoyer canal and its 
neurotubular network described by Popoff (1934). Like the glomus, these 
elements are particularly numerous at the tip of the finger and under the nail 
bed. 

The structures described give a strong cholinesterase reaction whether 
acetylthiocholine iodide or butyrylthiocholine iodide is used as substrate, but 
whereas the Meissner corpuscles are best revealed with butyrylthiocholine 
iodide, the nerves are more clearly defined with acetylthiocholine iodide. 

In the adult finger the distribution of enzyme reaction is essentially similar 
to that of the foetus. The large nerve trunks show much less reaction than in 
the embryo. None of the structures is as numerous in the adult finger as it is 
in the foetal finger. Meissner corpuscles are much larger, more widely spaced, 
and they and their nerves are strongly reactive (Pl. 2, fig. 3). The component 
fusiform cells are arranged perpendicular to the surface and fit together like 
the staves of a barrel. The cells are so strongly reactive that they can be 
visualized only when the incubation time is cut down to less than half an hour. 
The central body of the Pacinian corpuscles in the adult finger is blackened as 
in the embryo, and the peripheral circumferential laminae remain unreactive 
or show traces of reaction (Pl. 3, fig. 1). The glomerate portion of the sweat 
glands is surrounded by nerve fibres which give a strong cholinesterase reaction 
(PL. 3, figs. 2, 3), whereas the rest of the gland is either free of nerve fibres or 
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those which are present give no reaction. A similar observation was made by 
Hurley, Shelley & Koelle (1953). 

Elements giving an intense cholinesterase reaction and comparable to the 
arteriovenous anastomoses are found near the epidermis, below the level of the 
tactile corpuscles and underneath the nail bed. The adult epidermis, like that 
of the foetus, shows a faint enzyme reaction. 

Eserine added to the incubation mixture containing acetylthiocholine iodide 
inhibits all enzyme reaction in the finger of the embryo and of the adult; when 
added to the mixture containing butyrylthiocholine iodide, the reaction is 
completely inhibited in the nerves and in the Pacinian corpuscles, but in the 
Meissner corpuscles, although it is greatly reduced, a faint reaction can still 
be seen. 


DISCUSSION 


Although the nervous tissue in the finger contains a surprisingly large amount 
_of cholinesterase, its distribution there has not been described before. Meissner 
corpuscles, Pacinian corpuscles and the arterio-venous anastomoses all show 
an intense cholinesterase reaction in the embryo and in the adult finger. The 
reaction in these structures is approximately the same whether acetylthio- 
choline or butyrylthiocholine is used as substrate. Since eserine completely 
inhibits the reaction when the former is used as substrate, but blocks it in all 
but the Meissner corpuscles when the latter is used, there is the possibility 
that in these corpuscles more than one enzyme is involved in the reaction. 

There is a discrepancy in the number of comparable structures in the foetal 
and in the adult finger. In 5 to 7-month foetuses all nerve endings have been 
formed, and are crowded in the small finger. As the finger grows these 
structures, which do not increase in number, are distributed over a much 
larger volume and are thus spaced farther apart. 

The glomus apparatus is assumed to develop post-natally (Popoff, 1934). 
Certainly it does not become recognizable with the ordinary histological 
techniques until after birth. However, our observations show that it is 
established in the 4th or 5th foetal months. The technique for cholinesterase 
brings out this structure and the sensory nerve endings almost specifically at 
this early date, and it is remarkable to find strong cholinesterase activity in 
these structures at such an early stage of foetal life. The enzyme must certainly 
be connected with their neuromechanism. Since this technique has been 
successful in demonstrating the existence of a structure (e.g. glomus) not 
detectable by ordinary histological methods until many months later in 
development, its application to other organs of the body might likewise 
demonstrate the presence of structures of nervous origin at an earlier stage. 
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SUMMARY 


1. The distribution of cholinesterase activity has been studied histo- 
chemically in the fingers of foetuses from 4 to 7 months and in adult fingers. 

2. Abundant enzyme activity was demonstrated in the nerves to sweat 
glands, in Meissner and Pacinian corpuscles and in the arterio-venous anasto- 
moses. These structures are developed in the fourth and fifth foetal month, 
and begin to show strong cholinesterase activity at the time that they are 
formed. 

3. The histochemical reaction in these structures is about equally intense 
when either acetylcholine iodide or butyrylthiocholine is used as substrate. 

4. Eserine inhibits the reaction completely when acetylcholine is used as 
substrate and blocks it in all but the Meissner corpuscles when butyrylthio- 
choline is used. Thus in the Meissner corpuscles more than one enzyme seems 
to be involved in the reaction. 
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EXPLANATION OF PLATES 


Prats | 

Fig. 1. Longitudinal section through the finger of a 4-month foetus showing cholinesterase 
reaction in the nerves and their terminal arcades underneath the epidermis. Acetylthio- 
choline used as substrate. 

Fig. 2. Longitudinal section through the pulp of the index finger of a 7-month foetus showing a 
strong reaction in all nerve fibres. The nerve plexuses on the right envelop the sweat glands, 
those on the left form the terminal arcades under the epidermis. Meissner corpuscles are also 
reactive. Butyrylthiocholine iodide used as substrate. 

Fig. 3. Higher-power view of fig. 2 to show the nerve terminations and the Meissner corpuscles. 

Fig. 4. Oblique section through the epidermis of a 7-month foetus showing the arrangement of 
the Meissner corpuscles in rows. Butyrylthiocholine used as substrate. 


Pirate 2 


Fig. 1, Strong cholinesterase reaction in Pacinian corpuscles distributed along the nerves in the 
finger of a 6-month foetus. Acetylthiocholine iodide substrate. 
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Fig. 2. Longitudinal section through the nail bed of a 6-month foetus, showing strong cholin- 
esterase reaction in parta of the glomus apparatus and their association with a large nerve 
fibre which is also strongly reactive. Acetylthiocholine iodide used as substrate. 

Fig. 3. Meissner corpuscles from the medius of a man 58 years old. Acetylthiocholine iodide 
substrate. 

Prats 3 


Fig. 1. Pacinian corpuscles in the finger of a 58-year-old man. Only the central body shows 
cholinesterase activity. Counterstained lightly to show the background. Acetylthiocholine 
iodide substrate. 

Fig. 2. Strongly reactive nerve fibres around the glomerate portion of a sweat gland, in the finger 
of a man 58 years old. Acetylthiocholine substrate. 

Fig. 3. Another section from the same specimen as in Fig. 2 counterstained lightly to show the 


glands. 
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A COMPARISON OF THE COMPOSITION OF SWEAT INDUCED 
BY DRY HEAT AND BY WET HEAT 


By E. F. ST JOHN LYBURN 
From 9 Broadwater Down, Tunbridge Wells, Kent 


(Received 7 June 1956) 


Many workers have shown that the sweat contains most of the constituents 
found in urine (Harnack, 1893; Tichborne, 1887; Camerer, 1901; Alder, 1916; 
Talbert & Haugen, 1927). Kuno (1934, 1938) inferred that the sweat glands on 
some occasions may play an important role as an excretory organ. Krause 
(1844) calculated that the total orifices of the sweat ducts in man cover an area 
of 57 cm.* [t seems not improbable therefore that the sweat glands when 
stimulated might effectively supplement the actions of the kidney. In fact, — 
Strasser (1914) and Farneti (1948) used sweating to relieve cases of azotaemia, 
although the latter author found severe cases of uraemia unsuitable for treat- 
ment since the vasomotor centre and sweat glands did not react well. No 
quantitative measurements of the over-all activity of the sweat glands under 
such conditions have, however, yet been made. 

Initial experiments with dry and wet thermal heat showed that skin 
temperatures were considerably higher under the latter conditions than under 
the former, and since the degree of sweating is directly reiated to skin tempera- 
ture, attention has been focused on developing maximal rates of sweating 
under wet thermal conditions. This has been achieved by suitable cooling of 
head, neck and respired air. Quantitative collection of the total sweat in a given 
time has enabled calculation of the plasma clearance of various metabolites to 
be made, yielding positive evidence in favour of Kuno’s suggestion. . 


METHODS 

Dry Thermal Box 
The Dry Thermal Box is 7 ft. long and is heated by carbon filament lamps using 2500 W, with the 
light rays screened from subject. This box is heavily insulated in order to retain the heat. A ther- 
mometer fixed through the top of the box gives temperature readings up to 190° F (88°C). The 
subject, wrapped in a flannel sheet, is recumbent and has his head outside the box. The head is 
cooled by a fan and a wet towel is placed round the neck. The heart and respiration rates are 
recorded by a pick-up attached to the cardiac area. Skin and rectal temperatures are obtained by 
using copper-constantan thermo-couples and a slide wire potentiometer, the cold junction being 
immersed in melting ice in a Dewar vessel. 
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Sweating procedure. The subject enters the Dry Thermal Box at a temperature of 170° F (77° C) 
and during the first 5 min the temperature rises to 190° F. At this temperature the loading is 
reduced and the box gradually cools down to 130° F (54° C). The sweat is collected by scraping the 
skin when the blanket is removed. 

Wet Thermal Boz 

Initial experiments were made with a steam-heated box, the head being cooled in the same way 
as in the Dry Thermal Box method. Treatment could not be continued for long, however, owing 
to the considerable rise in rectal temperature due to non-evaporation of the sweat. An apparatus 
was therefore evolved whereby the body core temperature was not allowed to rise (Cowley, 1954, 
1955a, 6). A full description of this apparatus can be obtained from Patents Office (Patent no. 
740945); it is shown in section in Fig. 1. 


Soda-lime filter 


Cowl 


» 


Fig. 1. Section of Wet Thermal Box in simplified form. 


Steam from the generator is guided by means of baffles and valves to keep a temperature within 
the box ranging from 160° F. at the subject’s feet to 116° F at the shoulder (71-47°C). These 
temperatures are measured by dial thermometers. A tray under the feet collects sweat plus con- 
densed steam. The heart and respiratory rates are checked by means of a stethoscope which 
passes through the box to a pick-up attached by elastic around the chest. 

The head of the subject is covered by a transparent cowl, through which he can be observed, and 
a port in the cowl allows mouth temperatures to be taken. A wet towel is put around the neck and 
is iced by freezing tubes; this cools approximately 4 inches (10 cm) of the carotid arteries. The head 
cooling equipment forms part of a closed circuit through which the air is cooled by a fin type 
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evaporator, the surface area of which is kept as small as possible in order to keep the evaporating 
temperature as low as possible, subject to the extraction rate of the condensing unit remaining 
reasonably high. This is necessary as the main part of the respiratory cooling is due to the removal 
of moisture from the lung vascular bed. A baffle is built into the cowl to deflect air on to the face. 
This not only assists in keeping the air moving in the direction of the respiratory tract but also 
gives a comfortable cooling effect on the face which is very welcome to the subject, particularly 
at the end of treatment. The air temperature can be brought down to 16° F ( — 9°C) and air-flow 
rate up to 880 cu.ft./min, regulated by a fan controlled by a ‘Variac’. 

The prime surface evaporator which is placed in contact with the neck is a simple tube which 
is an extension of the main evaporator. Owing to the low evaporating temperature it is necessary 
to cover this evaporator with a wet towel to prevent frostbite of the skin. In practice, a wet 
towel is used which slowly freezes as the treatment proceeds. This means that the full effect 
of the neck evaporator is not applied until the end of the heating process when cooling is most 
important. 

A nasal oxygen carrier delivers from 5 to 121, oxygen per min. Since a closed air circuit is 
used, a soda-lime filter is introduced to trap the carbon dioxide produced. This filter is installed in a 
short circuit which is separate from the main air-flow circuit. The air from the hesd cowl is passed 
through the filter by a constant speed fan, after which it is returned to the main circuit at a point 
just in front of the evaporator. The reason for this is that some subjects are unable to tolerate the 
rapid flow of air across the head and face, so that the amount of air movement in the main circuit 
has to be adjusted by means of a variable speed fan. Since the carbon dioxide must be removed at 
all times, a constant volume of air is passed through the filter irrespective of the volume of air 
flowing in the main circuit. By passing the air from the filter to the evaporator the heat and water 
produced by chemical reactions in the filter are removed before the air is again passed to the head 
cowl. 

Since only the head and neck are exposed to a cool dry atmosphere, the only heat loss is by 
means of radiation and convection from the surface, by the warming of the respiratory air and the 
transfer of moisture from the lung vascular bed. This is considerably increased since respiration 
becomes quite deep resulting in a fourfold increase in minute respiratory volume, With man at 
rest in an environment at normal room temperature the heat loss, by this route, amounts to only 
about 2% of the metabolic rate, but this increases in the cowl since the temperature difference 
between the inspired air and the lung temperature is wider, the water vapour pressure of the cool 
inspired air is lower than normal and the volume of air is greater. Under normal resting conditions 
the loss of heat by respiratory evaporation is increased from 2 to 12-15% of the metabolic 
rate. 

Sweating procedure. Heart rate and mouth temperature are taken and the cowl is lowered when 
the dial thermometer at'shoulder level reaches 100° F (38° C) at which time the dial thermometer at 
feet level registers about 130° F. Another dial thermometer inside the cowl should register about 
32°F (0° C) at the commencement of treatment. Temperatures rise to a maximum of 160° F at the 
feet and 116° F at the shoulders, giving a mean temperature of over 135° F. At the termination of 
the treatment the steam temperatures are allowed to fall to 140° F at the feet and 110° F at the 
shoulders over a period of 20-25 min, At this time the body core temperature is below normal. 
When the subject is removed to the Dry Thermal Box at about 170° F, the mouth temperature 
does not reach the normal value for about half an hour. This procedure is always followed when the 
subjects are patients, in order to attain the maximum excretion of metabolites in the sweat. The 
majority of the subjects were patients suffering from renal disease, either chronic nephritis or 
pyelonephritis; a few were normal adults. 


Chemical determinations 
_ All sweat samples were filtered before being analysed. Standard methods, colorimetric wherever 
possible, were used. Frequent checks with standard solutions indicated an accuracy of the 
order of +5%. The sweat samples were always acid (pH 4-6); the values for free ammonia and 
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ures were, therefore, reliable. They were obtained by direct Nesslerization of the sample, the 
urea plus ammonia by similar treatment after digestion with urease, and the urea values by 
difference. 


TaBLe 1. Average concentration of the constituents of sweat obtained under conditions of Dry 
and Wet Heat. All values are in mg/100 ml. + 8.8. of the mean, not included where calcula- 
tion shows no significant difference between the means. Figures in brackets indicate the 
number of samples analysed 


Normal Ratio: 
Constituent blood plasma* Dry Heat sweat Wet Heat sweat Dry/Wet 
Na 2564183 (7) 7247-6 (18) 3-55 
Cl (as NaCl) 560-620 355476 (14) 11449-9 (100) 31 
K 18-20 48410 (4) 15-243-3 (4) 315 
Ca 9-11 6 (1) (6) 1-2 
Mg 14 04 (38) 0-7 0-57 
P 24 0-07 (3) 0-5 (2) 0-14 

acid 15-20 213+ 22 8747 (30) 2-45 

Urea 15-40 92417 (11) 44446 (49) 2-10 
Amino acid N 4-6-5 34-54 11-8 (5) 20-2471 (5) 1-7 

0-1-0-2 165434 (11) 116420 (49) 1-42 
Uric acid 3-4 074 (16) (122) 1-17 
Glucose 60-80 5) 21 (6) 1-15 
Creatinine 0-7-2-0 19 (8) 248 (89) 0-8 
Creatine 0-5-3-0 0-2 — 0-58 (5) 1-55 — 0°38 (22) 0-13 


* Figures from Harrison (1947). 


RESULTS 


Comparison of the composition of sweat with that of normal blood plasma 
(Table 1) shows that, with the exception of potassium, all the inorganic con- 
stituents are present in lower concentrations in the sweat (‘Dry’ or ‘Wet 
Heat’) than in the plasma. Of the organic constituents, only uric acid and 
glucose show a lower concentration in sweat. The remaining substances, with 
the possible exception of creatine, are considerably more concentrated in the 
sweat than in the plasma. 

Since, however, cases of nephritis accounted for a considerable proportion 
of the subjects contributing to the average values for sweat given in Table 1, 
comparison with normal plasma values may be misleading. Blood samples 
were not obtained from the majority of subjects, but direct comparison of 
blood and sweat was made in a few undergoing ‘Wet Heat’ treatment. These 
results are given in Table 2. 

The standard error has not been calculated for chloride, uric acid or lactic 
acid since the concentration of chloride and of uric acid in sweat was consis- 
tently lower and that of lactic acid consistently higher than in blood. It can be 
seen that the urea in ‘Wet Heat’ sweat is also more concentrated than in blood, 
but creatinine significantly less so. Since, however, the creatinine concentra- 


tion in corpuscles is about twice that in plasma (Peters & Van Slyke, 1946), — 


and since the magnitude of sweat dilution with condensed steam is unknown, it 
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is probable that the creatinine concentration in secreted sweat is equal to, if 
not greater than, that in the plasma. 

Comparison of the composition of sweat induced by ‘Dry’ and by ‘ Wet Heat’ 
indicates that the sweat glands are behaving differently under the two sets of 
conditions. Were the secreted sweat identical in both, that collected after 
exposure to ‘Dry Heat’ would be more concentrated in respect of all consti- 
tuents owing to loss of water and that collected after exposure to ‘Wet Heat’ 
would be more dilute owing to admixture with condensed steam. In respect of 
the main inorganic constituents, sweat under ‘Wet Heat’ is in fact found to be 
considerably more dilute than that under ‘Dry Heat’ (Table 1). The concentra- 
tion of sodium and of chloride in sweat is more variable than that of other 
constituents, as indicated in the table by the magnitude of the standard error 
of the mean in relation to the number of samples analysed. The fact, however, 
that the Dry/Wet ratios of the average concentrations of sodium, chloride and 
potassium are 3-3-5, suggests that the combination of water loss from ‘Dry 
Heat’ sweat and condensed steam admixture with ‘Wet Heat’ sweat result in 


TasiE 2, Direct comparison of the composition of blood and of sweat in subjects undergoing 
Wet Heat treatment. All values in mg/100 ml. + 8.x. of the mean 


Number of 
Constituent Blood Sweat subjects 
Cl (as NaCl) 532 116 12 
rea 35-543-7 49-5+6-7 28 
Creatinine 3-98 +0-5 2-1940-01 15 
Urie acid 
Lactic acid 40 118 4 


a threefold dilution of ‘Wet Heat’ as compared with ‘Dry Heat’ sweat. The 
lower ratios of the remaining inorganic and of all the organic constituents 
indicate that these substances are being excreted more actively under condi- 
tions of ‘Wet Heat’ than of ‘Dry Heat’. This suggests that the sweat glands 
will most effectively aid the kidney as accessory organs of excretion when stimu- 
lated by ‘Wet Heat’. 

Studies on the composition of sweat have hitherto been made under condi- 
tions in which the sweat is collected from a small and limited area of the body. 
In the present study the whole body sweat has been collected, albeit mixed 
with an unknown amount of condensed steam; it is possible, therefore, by 
measurement of the total volume together with that of any substance in this 
diluted sweat and in the blood, to calculate the clearance of the substance as is 
done for the kidney. Such values have been calculated in a number of cases, 
and the figures given in Table 3 indicate that the sweat glands can effectively 
aid the kidney in removing end products of metabolism from the body. There 
is considerable variation from one subject (or patient) to another, but over a 
period of 20 min the average plasma urea clearance is about half that of the 


normal kidneys. 
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Tastz 3. Plasma clearances of urea, uric acid, creatinine and lactic acid by swest under 


Urea 


S85 


(8) 


Conen. in 
blood sweat 
Substance (mg/l00ml.) (mg/100 ml.) 


conditions of Wet Heat 
Vol. sweat 


Conen. in 


Total 
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Plasma 
clearance 
(ml./min) (mL/min) 


* These values represent the mean of those before and after sweating. The remaining values 


were obtained after sweating. 


DISCUSSION 


It is well known that sweat from the apocrine glands varies in composition 
from that of the eccrine glands. The secretion of the apocrine glands, however, 
does not share in the thermal response of the eccrine glands and the main bulk 
of the sweat collected under ‘Dry Heat’ or ‘Wet Heat’ conditions comes from 
the latter. The composition of such sweat is also known to vary considerably, 
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but most attention has been given to the factors affecting the concentration 
therein of chloride. The results of the present investigation support the general 
conclusion of previous workers that the NaCl content of sweat is always less 
than that of the plasma, as are the concentrations of magnesium, calcium and 
phosphate. A similar relationship has been found for uric acid and glucose of 
the organic constituents analysed. Creatine is present in approximately the 
same concentration in the two fluids, creatinine is slightly more concentrated in 
the sweat, while urea, ammonia, amino acid N and lactic acid are present in 
considerably higher concentration in the sweat than in the plasma. 

When precautions are taken to avoid a rise in general body temperature, by 
drastic cooling of head, neck and inspired air, the rate of sweating under 
conditions of “Wet Heat’ (for 20 min) may attain such values that the plasma 
clearance of urea by this route equals that of one kidney. Although sweat col- 
lections have only been made over a 20 min period, the patients are in the 
Wet Thermal Box for a period of up to 30 min. Sweating also continues during 
their subsequent period of 4-1} hr in the Dry Thermal Box. It is probable, 
therefore, that the total output of urea over the whole period of sweating may 
equal that of one normal kidney for 90 min, a contribution of some magnitude 
in patients with poor renal function. Clearance of uric acid is less efficient 
though significant, amounting to rather more than one-third of the performance 
of the kidney. It is doubtful whether the apparent high plasma clearance of 
lactate has any meaning, since Whitehouse (1935) showed that its concentra- 
tion in the sweat was not increased after heavy exercise, when its concentra- 
tion in the plasma would undoubtedly have been increased. 

One point emerging from the comparison of the sweats resulting from ‘Dry’ 
and ‘Wet Heat’ was unexpected and has not previously been reported. If their 
compositions were identical, the ratio of concentration im ‘Dry Heat’ sweat 
to that in ‘Wet Heat’ sweat should be relatively constant for all constituents, 
but this is not so. The Dry/Wet ratio for sodium, chloride and potassium lies 
between 3-0 and 3-5, representing a threefold dilution of ‘Wet Heat’ sweat in 
relation to ‘Dry Heat’ sweat. All the other constituents have a considerably 
lower ratio, indicating more active excretion under conditions of ‘Wet Heat’. 
The main difference induced in the body by the two sets of conditions is that of 
body core temperature. During exposure to ‘Wet Heat’ there is actually a fall 
due to the artificial cooling of head, neck and inspired air, whereas during 
exposure to ‘Dry Heat’ the body temperature rises in spite of partial evapora- 
tion of the sweat, Thus the stimulus to sweating in the latter case is, to some 
extent at any rate, from the temperature regulating centre, whereas in ‘Wet 
Heat’ the stimulus is entirely local, that is from the skin exposed to the heat. 
If this be the basic cause of the difference in composition, the mechanism 
whereby the difference is brought about is still quite obscure. From the prac- 


tical point of view, however, the fact that excretion of organic substances is 
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more efficient when sweating is induced by ‘Wet Heat’ is all-important and in 
the author’s experience many patients on the verge of renal failure can be, and 
have been, restored to relative health by periodic sweating of this nature. 


SUMMARY 


1. An apparatus is described whereby sweating under conditions of Wet 
Heat can be induced for considerable periods of time without rise in body 
temperature. 

2. The composition of sweat induced by Dry Heat and by Wet Heat has been 
compared with that of normal plasma in a large number of subjects. The 
inorganic constituents of sweat under both sets of conditions are less concen- 
trated than in the plasma, with the exception of potassium. The organic con- 
stituents, with the exception of glucose and uric acid, are more concentrated. 

3. In a smaller number of subjects, direct comparison was made of the 
composition of blood and of Wet Heat sweat: the results were essentially 
similar to those obtained by comparison with normal plasma. 

4. The main inorganic constituents of Dry Heat sweat are 3-3-5 times more 
concentrated than in Wet Heat swest, reflecting the partial evaporation from 
the secreted sweat under the former conditions and dilution with condensed 
steam under the latter. | 

5. The remaining inorganic and all the organic constituents of Dry Heat 
sweat are considerably less concentrated in relation to those of Wet Heat 
sweat, indicating more active excretion under the latter conditions. 

6. The average blood clearance of urea by the sweat glands over a period of 
20 min under Wet Heat conditions equals that of one kidney. 


All chemical analyses were carried out by Dr E. R. Jones, Chief Pathologist, Preston Hall Hospital, 
Kent. 
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THE EFFECT OF SODIUM AND CHLORIDE IONS UPON 
SWELLING OF RAT KIDNEY SLICES TREATED WITH 
A MERCURIAL DIURETIC 


By J. R. ROBINSON 
From the Department of Experimental Medicine, University of Cambridge 
(Received 8 June 1956) 


The present experiments were designed to investigate how the ionic composition 
of the medium influenced the oxygen consumption and the water content of 
slices cut from the kidney cortex of rats and treated with a mercurial diuretic 
(mercaptomerin) in vitro. Preliminary experiments, briefly reported by 
Robinson (1954), showed that mercaptomerin depressed the oxygen consump- 
tion of the slices and increased the percentage of water in them, and suggested 
that the uptake of water was not a direct consequence of the entry of sodium 
because it occurred when external sodium was replaced by choline. In order to 
analyse further the action of mercaptomerin, its effects were studied in two 
additional media; both of these contained sulphate instead of chloride, and 
most of the sodium in one of them was replaced by choline. The presence or 
absence of the common bulk ions of mammalian extracellular fluids was found 
to make surprisingly little difference to the behaviour of the slices, a finding 
which is out of harmony with a prevalent opinion that exchanges of water 


between tissue cells and their surroundings are largely secondary to exchanges 
of the common inorganic ions. 


METHODS 
Media 

The ordinary medium used in these experiments was prepared by mixing 232 ml. 0-154 m-NaCl, 
8 ml. 0-154 m-KCl, 6 ml, 0-110 m-CaCl, and 2 ml. 0-154 m-MgSO,, and adding 25 ml. of a phos- 
phate buffer prepared by bringing 75 ml. of 0-2 n-NaOH to pH 7-4 with 2 m-H,PO, and diluting 
to 100 ml. with water. A low-sodium medium was prepared in exactly the same way but sub- 
stituting 0-154 m choline chloride for the NaCl. 

To preparea chloride-free medium, 232 ml. of 0-103 m-Na,SO, wassubstituted for the 0-154 m-NaCl, 
8 ml. 0-103 m-K,S0, for the KCl, and 6 ml. 0-110 m-Ca(NO,), for the CaCl,. A low-sodium, 
chloride-free medium was made by substituting 232 ml. 0-103 m choline sulphate for the Na,SO, 
in the chloride-free medium. The choline sulphate solution was prepared by rubbing the calculated 
weight (3-22 g) of solid silver sulphate in a mortar with 100 ml. of 0-206 m choline chloride until 
@ portion of clear fluid removed by means of a filter stick contained less than 0-001 m chloride. It 
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will usually be convenient to refer to the extraordinary media by the names of their principal 
constituents. 

The concentrations of the ions in these media are shown in round figures in Table 1. It will be 
seen that the two choline media contained about one-tenth the concentration of sodium found in 
normal extracellular fluids. Thus, although these media were not completely free from sodium, its 
concentration should have been low enough to reverse the concentration gradient which tends to 
drive sodium into cells in their normal environment. The cells of the renal tubular epithelium 
would be expected to contain more sodium than muscle cells, which make up so much of the cell 
mass of the body that they are usually regarded as typical, because they reabsorb each minute 
about half their own volume of # glomerular filtrate which has the composition of a typical 
extracellular fluid. Analyses by Whittam & Davies (1953) suggest that the cells of the guinea-pig’s 
kidney cortex contain about 50 m-equiv Na/l. cell water, and there is no reason to expect figures of 
a different order for the rat. The two sulphate media contained 5 mm nitrate because the calcium 
was introduced into them as nitrate. Glucose (1 mg/ml.) was added to all media just before they 
were measured into the manometer flasks. 


1. Ionic composition of media (m-equiv/1.) 


Sodium Choline Sodium Choline 
constituent chloride chloride sulphate sulphate 
Sodium 145 15 190 15 
Chloride 140 140 0 0 
Choline 0 130 0 175 
Sulphate 2 2 183 183 
Potassium 5 5 6 6 
Calcium 5 5 5 5 
Magnesium 2 2 2 2 
Phosphate 8 8 8 8 
Nitrate 0 0 5 5 
Freezing- —0-48° C —0-485° C — 0-435° C C 
of glucose-free 
ution 
If all constituents had identical osmotic coefficients the activity of water should have been the 
same in all media, for the glucose-free salines all had the same lar concentration (298 osmole/l.). 


The osmotic coefficients of sodium and potassium sulphates are, however, known to be low com- 
pared with those of the chlorides (0-74 compared with 0-93 and 0-92 respectively according to 
Lifson & Visscher, 1944). Consequently the composition of the chloride-free media had to be 
& compromise. They had a higher concentration of sodium than normal extracellular fluids, but 
a lower osmotic pressure. The freezing-points of the glucose-free salines were determined by the 
method of Hervey (1955) and are shown in Table 1. The addition of 1 mg of glucose per ml. would 
be expected to depress the freezing-point by a further 0-03° C, so that on the basis of their freezing- 
points all the media as used were slightly hypotonic to normal serum. 

The demonstration of Hodgkin & Katz (1949) that the action potential of squid axons was 
abolished if external sodium was replaced by choline suggests that choline did not penetrate the 
axonal membrane. Less is known about other membranes. Trowell’s (1935) observation that 
choline increased the oxygen consumption of rat liver slices considerably and of kidney slices 
much less might suggest that only slight penetration occurred. Choline chloride has been reported 
(Robinson, 1964) to be a little more effective than sodium chloride in causing osmotic shrinkage of 
slices which were not respiring; and the normal water content (here confirmed) of slices respiring 
freely in media made with choline salts suggests that choline did not enter the cells easily, for it is 
unlikely that a sodium pump would extrude it as effectively as sodium. Sulphate was intended 
to be a non-penetrating anion. Swan, Madisso & Pitts (1954) have reported it a good substance 
to use for measuring the volumes of mammalian extracellular fluids. The absorptive capacity of 
the renal tubule in many respects resembles that of the intestinal tract, where poor absorption is 
responsible for the well-known osmotic cathartic action of sulphates. Hence, although there is 
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evidence (Smith, 1951) that sulphate can be reabsorbed when its concentration in the plasma is 
low, it acts as an osmotic diuretic at higher concentrations, and all except a short segment of the 
nephron is probably impermeable to it. Although the ion product in the sulphate media was 
about twice the solubility product of calcium sulphate, no precipitate formed on standing, and it 
seems reasonable to assume that the concentration of calcium ions was not reduced sufficiently to 
affect the behaviour of the cells. 

When mercaptomerin was to be used as an inhibitor, a 0-05 m solution of the disodium salt 
(Thiomerin sodium, John Wyeth Bros.) was prepared by dissolving 30 mg/ml. in water. Volumes 
of 0-005, 0-01, 0-02 and 0-055 ml. of this solution added to the medium in the manometric flasks to 
make a total volume of 2-7 ml. provided concentrations of Thiomerin of 0-9, 1-8, 3-7 and 10 x 10-* m. 
It will be seen that even in the strongest of these solutions the concentrations of the principal ions 
were not altered by more than 2% when Thiomerin was added. The effect of dilution by the small 
quantity of water containing the Thiomerin was considered to be negligible. No difference was 
detected in a series of experiments using the ordinary medium if the Thiomerin was dissolved in 
0-154 m-NaCl solution inatead of in water. 


Technique 

The rats were all normal young adult males, weighing about 250 g, of the black and white 
hooded Lister strain maintained by the Department of Experimental Medicine. They were killed 
by a blow on the head and the kidneys were immediately removed and placed in a small volume of 
the ordinary medium (without glucose) at room temperature. Slices were cut a few miputes later 
by Cohen’s (1945) modification of the method of Deutsch (1936) and washed in the same medium in 
a Petri dish at room temperature. They were removed from the dish after both kidneys had been 
sliced, and blotted as previously described (Robinson, 1950); groups of slices containing approxi- 
mately 100 mg of renal cortex were weighed to the nearest mg on weighed watch-glasses or 
directly on a torsion balance, and immediately placed in the experimental media in the right-hand 
flasks of Barcroft manometers. The centre pots contained 0-3 ml. of 10% KOH and the usual roll 
of Whatman no. 40 filter-paper. The flasks were quickly gassed with pure oxygen at room tempera- 
ture and then placed in the thermostat bath at 38°C, After 5 min shaking the taps were closed 
and oxygen consumption measured for a period which was almost always 1 hr. The slices were then 
quickly removed, blotted, transferred to weighed drying tubes, and weighed before and after 
drying during the night in an oven at 105° C, Their water content was expressed as the percentage 
by weight of water in the slices removed from the flasks at the end of the experiments, The rates 
of oxygen uptake are given in pl./hr/mg moist tissue placed in the flasks at the beginning of the 
experiment. The rate of oxygen uptake declined somewhat during experiments in which the 
medium contained Thiomerin. Therates shown in the Results are therefore those calculated for the 
last quarter-hour of each experiment, i.e. four times the volume of oxygen consumed during the 
last 15 min, divided by the weight of tissue placed in the flasks initially. It was considered that 
rates so calculated would be more satisfactory than rates averaged over the whole experimental 
period for comparison with figures for water content determined on the slices at the end of each 
experiment. 

RESULTS 


The results of all the experiments using Thiomerin, and of controls in the same 
media without inhibitor, are displayed as averages in Table 2, together with 
the standard errors of the means, and the numbers of experiments in each 
group. Thiomerin reduced the oxygen consumption of the slices in all four 
media, the inhibition was greater with larger than with smaller concentra- 
tions of Thiomerin, and the magnitude of the inhibition was of the same order 
in all media. The oxygen consumption of slices in the sodium sulphate medium 
was consistently less than that of slices in the other three media. Apart 
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from this the rates of uptake of oxygen with each concentration of inhibitor 
were of the same order in all the media. 

The right-hand half of Table 2 shows the changes in the water content of 
the slices which accompanied these alterations in oxygen consumption. The 
responses of the tissues in the four media again exhibited a common pattern 
with minor variations. The water content of the slices increased as their 
oxygen uptake was inhibited in all media, although the slices in the choline 
sulphate medium gained only about half as much water as the others in 
association with a comparable reduction in their oxygen consumption. The water 
content of these slices in the presence of the highest concentration of inhibitor 
was similar to those of the slices in the other media; but slices respiring in 
this medium contained more water than usual in the absence of any inhibitor. 
The slices in the sodium sulphate medium contained no more water than 
those in the ordinary medium, despite a consistently slower uptake of oxygen. 

The figures in Table 2 show that the now familiar inverse relation between 
the water content and the oxygen consumption of kidney slices was still 
observed in spite of drastic changes in the bulk ions of the medium. More 
information about the effects of the ionic structure of the medium than is 
immediately apparent from Table 2 was obtained by plotting the water 
content of each group of slices against the corresponding rate of oxygen con- 
sumption for all concentrations (including zero) of Thiomerin in each of the 
four media. One of these four plots, that for control slices and those whose 
respiration was inhibited by various concentrations of Thiomerin in the sodium 
sulphate medium, is shown in Fig. 1. In the other three cases, although there 
was again a considerable scatter, the points also appeared to be distributed 
around straight lines, The lines indicated by the results in the different media 
did not, however, appear to be the same, although the clusters of points 
belonging to each line would overlap to produce a confusing cloud if all the 
points (corresponding to 245 pairs of observations) were plotted on the same 
scatter diagram. In order to see how far this cloud could be resolved into 
distinct components, a linear regression equation was calculated for water 
content (y) on oxygen uptake (z) for all experiments in each medium by the 
method of least squares (Mather, 1951). A similar regression equation was 
calculated for a further ninety-nine pairs of observations which had been 
obtained in previous work upon the effect of cyanide upon the water content 
and the oxygen consumption of kidney slices from male rats of the same strain, 
respiring in a medium which contained half as much calcium but was otherwise 
identical with the ordinary medium used in the present experiments (Robinson, 
1950). The five regression equations with their standard errors and the com- 
parisons of their regression coefficients are shown in Table 3 in descending 
order of their intercepts on the y-axis. Fig. 2 shows the five calculated regres- 
sion lines, numbered to correspond with the equations in Table 3. These lines 
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Fig. 1. Water content and oxygen consumption of rat kidney slices incubated in sodium sulphate 
medium with various concentrations of Thiomerin. The straight line illustrates the calculated 
regression y = 88-84 — 3-30z. 

Fig. 2, Regression lines corresponding to the equations in Table 3, Effect of Thiomerin: (1) in 
choline chloride medium; (2) in ordinary medium; (3) in sodium sulphate medium; (4) in 
choline sulphate medium. (5) Effect of cyanide in ordinary medium. 


TaB_e 3. Regression equations for water content (y) on oxygen consuniption (z) 
in various media 

Pairs of 

1. Inhibitor 


, Thiomerin; choline chloride medium 
y=90-87+40-11 —(3-0540-14) x 


2. Inhibitor, Thiomerin; ordinary medium 


y=901540-14 —(3-204.0-20) 


3. Inhibitor, Thiomerin; sodium sulphate medium 


=88-84+0-14 —(3-30+0-22) z 


4. Inhibitor, Thiomerin; choline sulphate medium 


y 84-6340-16 —(1:32+0-23) z 


5. Inhibitor, cyanide; 


ordinary medium 
y =83-5740-16 —(1-64+0-09) z 
Comparisons of regression coefficients 


Degrees of 
freedom 
2 0-62 137 
3 0-96 | 108 
3 0-33 123 
5 1-34 150 
4 6-66 114 
:5 8-52 158 
:4 6-27 129 
75 7-05 173 
:4 6-26 100 
75 6-84 144 
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fall into two quite distinct groups; within each group the regression coefficients 
are not significantly distinguishable, but each differs very significantly from 
any member of the other group. It is doubtful how much significance should 
be attached to the intercepts on the y-axis, because in the experiments with 
Thiomerin they depend upon extrapolation of the regression lines into the 
region beyond 50% inhibition of respiration where there were no experimental 
data, and hence involve the assumption that a linear regression equation 
would still adequately have described the trend of the points if the oxygen 
consumption had been inhibited more than 50%. Inhibitions greater than 
90% were actually observed in the experiments using cyanide, which covered 
the whole range from normal to completely inhibited respiration more evenly; 
and here the regression did appear to be linear over the whole range (Robinson, 
1950). However, even without extrapolation beyond the range of values 
actually observed in the experiments with Thiomerin, it is clear that the two 
groups of regression lines indicate quite different behaviour. The slopes of the 
first three lines are all approximately twice those of the remaining two. 
Moreover, it may be seen that slices whose respiration was half inhibited by 
Thiomerin in three of the four media contained about as much water as slices 
whose respiration had been almost completely inhibited by cyanide in the 
ordinary medium. Comparison of the two sets of experiments in the ordinary 
medium shows that a given inhibition of respiration produced by Thiomerin 
was associated with about twice as great an increase in water content as an 
inhibition of equal magnitude produced by cyanide (lines 2 and 5). The results 
of the experiments in other media showed that the inhibition of respiration by 
Thiomerin was accompanied by this greater increase in the water content of 
the slices when the medium contained a normal or higher concentration of 
either of the common extracellular ions, sodium (line 3) and chloride (line 1), 
but the increase in water content when both these ions were present together 
was not significantly greater than when either was present alone. This effect 
was not observed when the medium contained neither sodium nor chloride in 
high concentration; the increase in water content when respiration was 
inhibited by Thiomerin in the choline sulphate medium (line 4) was no 
greater than that produced by cyanide in the ordinary medium (line 5). 


DISCUSSION 

The differences disclosed by using different inhibitors and media must be 
related to the mechanism of the increase in water content which occurred 
whenever the oxygen consumption of the slices was depressed. This increase 
might have arisen from one or more of the following causes, listed in order of 
decreasing popularity: 

(1) Failure of the active transport of sodium which normally keeps the 
concentration of this ion lower in the cells than in the surrounding extra- 
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cellular fluids. This would be followed by a net influx of sodium and an osmotic 
shift of water in the same direction. 

(2) Failure to maintain the normal dynamic equilibrium of organic metabo- 
lites and storage substances of higher molecular weight, with a consequent 
increase in osmotically active solutes in the cells. If these were retained by the 
cell membranes they should lead to an osmotic shift of water into the cells. 
Such changes may be described as ‘autolytic’ by analogy with the somewhat 
similar changes which occur in dead tissues. 

(3) Failure of a mechanism which opposes swelling by expelling water 


_directly—not merely passively as a consequence of movements of extruded 


ions. 
On the first two views, normally respiring cells are in osmotic equilibrium, 
and swell when respiration is inhibited in order to maintain equilibrium. The 
third view implies that respiring cells are not in equilibrium; they maintain 
their volume and a higher molecular concentration than their surroundings 
actively as a steady state, and swell when respiration is inhibited, not to main- 
tain but to attain osmotic equilibrium. On all three views, the actual 
mechanism of the entry of water which increases the volume of the swelling 
tissue is Osmosis—a passive movement of water down its activity gradient 
arising from the greater diffusive flux away from regions of higher activity. 


Failure of ion transport i 

The extrusion of sodium is only one aspect of the transport of ions which 
maintains characteristic differences between intra- and extracellular fluids. It 
is now generally recognized that there is an inward transport of potassium, 
which would tend to promote swelling, as well as the outward transport of 
sodium which would oppose it; and inhibition of respiration interferes with the 
accumulation of potassium as well as with the extrusion of sodium. If equal 
numbers of sodium and potassium ions exchanged across the cell membranes 
when respiration was inhibited, only a trivial swelling attributable to the 
slightly greater osmotic activity of sodium (Hill, 1950) would be expected. 
Greater swelling might be expected from the finding of Mudge (1951) that 
although the concentration of potassium in the tissue water fell, and that of 
sodium rose to about the same extent, the total amount of (Na+ K) in a por- 
tion of tissue increased. The number of sodium ions entering a cell was there- 
fore greater than the number of potassium ions which left it, and the swelling 
appeared to be a simple consequence of slowing or stopping the outward 
transport of sodium, Since any loss of potassium would presumably diminish 
the swelling arising from uptake of sodium, a selective inhibitor of sodium 
transport should produce greater swelling than a general inhibitor of respiration. 
Mercurial diuretics have been considered to exert a rather specific inhibitory 
action upon the active transport of sodium by the renal tubular epithelium, 


3 
‘4 
> 
¢ 


224 J. R. ROBINSON 


and this does not appear to be confined to any one segment of the nephron 
(Grossman, Weston, Borun & Leiter, 1955). The experiments in ordinary 
media (Fig. 2) showed that Thiomerin produced greater swelling than cyanide, 
as though it exerted some more specific effect besides depressing the uptake of 
oxygen, but the hydrating effect of Thiomerin was as great (Fig. 2) in the 
choline chloride medium as in ordinary media and cannot then have been due 
to entry of sodium. 

Both the ordinary and the choline chloride media contained chloride in 
a higher concentration than has been reported in most cells, and Whittam 
(1956) and Leaf (1956) have both drawn attention to the large amounts of 
chloride which may enter tissue slices along with sodium when metabolism 
becomes abnormal; indeed the increase in tissue chloride may greatly exceed 
the net gain of sodium plus potassium. Conway (1956) also stressed the 
importance of chloride entering cells with sodium as potassium is lost, and 
Leaf (1956) concluded that the swelling of guinea-pig kidney slices when 
metabolism was suppressed arose from the uptake of isotonic sodium chloride. 
If the same mechanism operated in rat kidney slices, replacement of chloride 
m the medium by sulphate ought to have reduced the swelling, but Fig. 2 
shows that swelling was as great in the sodium sulphate medium, which 
contained no chloride, as in media containing mainly sodium or choline 
chloride. Even the swelling of slices in the choline chloride medium could not 
be due directly to entry of chloride unless either choline entered with it or 
chloride entered unaccompanied by cations and without a corresponding 
loss of intracellular anions. Similarly, swelling in the medium made with 
sodium sulphate could only be due to entry of sodium if sulphate entered too 
or sodium entered unpaired. Passive movements of unpaired ions are virtually 
impossible and alterations in pH which might have been caused by exchanges 
with H+ or OH~ ions were not detected in the present experiments. Perhaps 
the strongest argument against the free entry of choline and sulphate is the 
surprisingly normal oxygen consumption and water content of slices respiring 
freely in the extremely abnormal ionic environments provided by the modified 
media. This seems to imply that if choline and sulphate could enter cells 
freely, then the sodium pumps could also transport choline, or there were 
chloride pumps which could also pump sulphate. 

Finally, Fig. 2 shows that although Thiomerin caused only about one half 
as much swelling in the choline sulphate medium as in the other media, yet it 
caused as much as cyanide had done in ordinary media. Such swelling in the 
absence of the common external ions cannot be vr by ' the failure of 
known systems for ionic transport. ) 
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Autolysis 

Slices might have been expected to behave similarly in the different media if 
the swelling arose from events inside the cells which were relatively indepen- 
dent of the composition of the external fluid. Robinson (1950) mentioned that 
cells might swell under anaerobic conditions because the number of organic 
molecules inside them increased, but did not pursue this because the magni- 
tude of the change was so uncertain. Conway, Geoghegan & McCormack (1955), 
seeking the cause of a progressive depression of the freezing-point observed by 
Conway & McCormack (1953) in tissues ground in the frozen state, found that 
labile cell constituents broke down surprisingly quickly even at 0° 0. The 
freezing-point of ground rat kidney had been found to fall from —0-48 to 
about —0-7°C in 20 min, and now it was found that enough adenosine 
triphosphate and hexose phosphate broke down and enough organic acids and 
new non-protein nitrogen were formed to increase the molecular concentration 
by nearly. 100 m-osmole/l. in an hour. This was a maximum estimate, for 
compounds classed as non-protein nitrogen were assumed to have 1 gram-atom 
of N per osmole although more than half of them were listed as nucleotides, 
nucleosides, purines and peptides. 

If the same changes occurred in the intact cells of incubated slices as in the 
contents of cells whose structure had been disorganized by grinding, they could 
account for a considerable part of the observed swelling, provided that the 


products of autolysis remained in the cells. They would have to be retained up 


to 2 hr to account for the stability of the swelling observed by Robinson (1950). 
Yet Deyrup’s (1953a) observation that rat kidney slices did not swell in 
isosmotic solutions of disaccharides suggests that if autolysis occurred, the 
products were not kept in the cells; and the further observation (Deyrup, 
19536) that swelling was not reversed by re-supplying oxygen in isotonic 
dextrose also seems to rule out autolysis as the major cause of reversible 
swelling. Leaf (1956) invoked no contribution from autolysis to account for the 
swelling of slices of guinea-pig kidney; but Conway & McCormack (1953) had 
found no evidence of autolysis in this tissue after grinding, though its curious 
absence does not seem to have been confirmed by chemical analysis. 
Although the breakdown of labile substances could account for similarities 
in the behaviour of the slices in different experiments, it probably could not 
account for the whole of the swelling, or for the large differences which were 
observed. Thus the 30% increase in solutes reported by Conway et al. (1953) 
would have to account for a 50% increase in cell water in chilled slices, and 
a 74°, increase in cell water in slices incubated with cyanide (Robinson, 1950). 
The greater increase produced by Thiomerin would be more difficult to explain, 
especially since Conway & McCormack found that mercuric chloride inhibited 
the autolytic processes disclosed by their cryoscopic measurements. 
15 PHYSIO. CXXXIV 
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Failure of direct transport of water 

Swelling in excess of that attributable to autolysis and the failure of ion 
transport could be explained by failure of water pumps, but this view became 
less probable when Conway & McCormack (1953) published the first cryoscopic 
measurements to give what seemed intuitively to be the correct answer, and 
gave reasons for rejecting the results of all other workers. A further objection 
to the hypothesis that intracellular fluids in respiring tissues are kept hyper- 
tonic has been that.it implies the presence of considerable amounts of unrecog- 
nized organic substances in the cell water (Conway, 1956). If, however, 
concentration is raised by extrusion of water, the ‘extra’ solutes need be 
neither organic nor unfamiliar. Ljungberg (1947) and Whittam (1956) found 
high concentrations of chloride in some renal cells. Robinson (1954) called 
attention to the high concentration of (Na+K) found by Aebi (1953) in 
respiring rat kidney cortical slices—probably too high to attribute to non- 
diffusing anions in the cells—and suggested that the last word could not be 
said on the transport of water until adequate cryoscopic measurements had 
been made upon such slices. 

Conway & Geoghegan (1955) found by the method of Conway & McCormack 
(1953) that rat kidney slices, incubated at 37° C for an hour, had a freezing- 
point of —0-60° C, not significantly different from that of slices incubated at 
0° C; and also, in the light of the earlier work, not significantly different from 
that of the medium (—0-53°C). Unlike slices studied by Aebi and by Robinson, 
however, the slices incubated at 37° C had first been kept for an hour at 0° C; 
and chemical analysis (Conway & Geoghegan, 1955, Table 2) showed that the 
concentration of (Na + K) in the cell water was (50 + 38)/0-578 = 152 m-equiv/kg, 
whereas Conway & Geoghegan calculated that Aebi’s analytical figures (for 
slices which had not been kept on ice for an hour before being incubated at 
37° C) would, on the same basis, have given 291 m-equiv (Na+K)/kg of cell 
water. The cells in Aebi’s experiments therefore had a concentration of 
(Na+K) about 90% greater than the medium, and about 90% greater than 
the cells of slices which had been found cryoscopically to have the same molecular 
concentration as the medium. Hence although the difference between the 
water contents of the slices incubated at 0° and at 37° C by Conway & Geoghe- 
gan may have been entirely due to autolytic changes and faults in the transport 
of ions, it remains possible that under the more physiological conditions of 
Aebi’s experiments there was a further concentration of ions brought about by 
active extrusion of water, although this has still not been established by 
unexceptionable measurements of total molecular concentration. 

Apart from adding to the evidence that living cells may increase their 
water content and swell, regardless of external osmotic pressure, when their 
metabolism is impaired by a variety of adverse circumstances, the present 
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work leads to few positive conclusions. It has become clearer that more 
mechanisms than one are involved in the swelling, and unlikely that it can 
be wholly explained by the failure of specific processes transporting common 
ions and by autolytic changes. It is hoped to gain further information from the 
analysis of slices incubated in the modified media which were used in the 
present experiments, as well as from the behaviour of slices which are being 
studied in non-aqueous media to eliminate the effect of external osmotic 
pressure. Meanwhile anisotonic secretions continue to be formed, a wide 
variety of living organisms sustain osmotic gradients, and complete certainty 
that ‘Tissue osmotic pressure in vivo equals that of the blood plasma’ (Wilde, 
1955) may yet be premature. 


SUMMARY 


1. The oxygen consumption and the water content of rat kidney cortical 
slices in the presence of the mercurial diuretic mercaptomerin (Thiomerin) were 
measured at 38° C in an ordinary medium and in media modified by replacing 
sodium chloride by choline chloride, sodium sulphate or choline sulphate. 

_ 2. Thiomerin in concentrations up to 0-001 m depressed the oxygen con- 
sumption of the slices to a similar extent in all the media. 

8. The slices took up water when respiration was inhibited in all media. 

4. About twice as much water was taken up for a given depression of 
oxygen consumption when the medium contained either sodium or chloride as 
when both were deficient; and no more water was taken up if both were 
present together. 

5. In media containing either sodium or chloride or both, the swelling 
produced by Thiomerin was about twice as great as had accompanied the 
inhibition of respiration by cyanide in media made with sodium chloride. _ 

6. It is concluded that the swelling of the slices when their metabolism was 
impaired cannot be explained by the failure of specific transport processes for 
common ions; and reasons are given for regarding the question of active 
transport of water as still open. 


I wish to thank Mr L. A. R. Luff for determining the freezing-points. 
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There is of necessity co-ordination between the activity of the caudal region 
f of the large gut and the behaviour of the sphincters which control the anal 
| ) canal. There are, however, two sphincters. The internal anal sphincter of 
smooth muscle receives its motor supply through the hypogastric nerves from 
| the sympathetic outflow and its inhibitory supply through the pelvic nerves 
from the parasympathetic outflow. The external anal sphincter of striped 
‘ muscle is controlled by the somatic pudendal nerves. In this case relaxation 
can only be due to a reduction in frequency of existing motor impulses in the 
pudendal nerves. Since the two sphincters are superimposed, one upon the 
f other, it is difficult to disentangle the roles played by these two in the control 
’ of the anal canal. Garry (19334, 1934) gives diagrams of the anatomical 
arrangement, with the nerve supply, both in the cat and in man. Floyd & 
Walls (1953) have an accurate drawing of the actual relationships in man. 
The nerve supply to the distal portion of the colon and to the anal sphincters 
of the cat is shown schematically in Fig. 1 of this paper. 
, Garry (19336) was able to show by mechanical recording in the cat that 
movement of an object within the distal colon, when the pelvic and pudendal 
} nerves were both intact, led to dilatation of the anal canal. Such dilatation 
could still be evoked after section of both pudendal nerves had paralysed the 
external anal sphincter. Thus stimulation of the colon must lead to inhibition 
| of the internal anal sphincter by impulses travelling in the pelvic nerves. But 
“, there was no actual proof for inhibition of the external anal sphincter when the 
colon was stimulated. Such inhibition had to be assumed, otherwise dilatation 
of the anal canal could not have taken place when the pudendal nerves were 
intact. This belief that the two sphincters relaxed simultaneously was further 
supported by the observations of Barrington (1921, 1931) on the reciprocal 
_ behaviour of the detrusor muscle of the urinary bladder and the striped 
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external sphincter of the urethra. A comparison of the behaviour of the colon 
and its sphincters with that of the urinary bladder and its sphincters is 
justified by the similarity in origin and in innervation. In the case of the 
urethra the smooth internal sphincter and the striped external sphincter are 
separated by some little distance so that their individual behaviour can be 
separately recorded by mechanical means. Distension of the urinary bladder 
brings about relaxation of the external urethral sphincter; the paths are in the 
pelvic nerves from the bladder and in the pudendal nerves to the sphincter. 
There is a ‘centre’ in the lumbo-sacral cord since the response can still be 
obtained after transection of the spinal cord in the lower thoracic region. This is 
Barrington’s fifth micturition reflex. 


Sacral cord 


anal sphincter 
ed Anal gland 
anal sphincter 

Fig. 1. A schematic representation of the innervation of the distal colon and anal canal in the cat. 
The lumbar sympathetic outflow inhibits the colon and is motor to the internal anal sphincter. 
The sacral parasympathetic outflow in the pelvic nerves is motor to the colon and inhibits the 
internal anal sphincter: ingoing fibres from the tissues surrounding the anal canal and from 
the wall of the colon run in the pelvic nerves. The pudendal nerves innervate the external 
anal sphincter: ingoing fibres from the circumanal skin, from the tissues surrounding the anal 

canal and from spindles in the external anal sphincter run in the pudendal nerves. 


By electromyography it ought now to be possible to record the behaviour 
of the external anal sphincter without interference from the internal anal 
sphincter. Beck (1930) did do so; he used a string galvanometer and inserted 
steel needles through the circumanal skin of dogs, and in one case of man, into 
the external sphincter. He recorded action potentials from the muscle on 
dilating the anal canal. Floyd & Walls (1953) studied the behaviour of the 
external sphincter in normal men by placing surface electrodes on each side of 
the anus: recording was by an ink-writing oscillograph. During waking hours 
the external sphincter showed continuous tonic activity. This was augmented 
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by stimulation of the circumanal skin, by distension of the anal canal, by 
increase in intra-abdominal pressure; attempts at defaecation inhibited the 
tone. Kawakami (1954) obtained similar results, also in men, by inserting 
electrodes through the skin into the muscle. A single motor unit could 
maintain activity for 10 min or longer. 


The present paper deals with some factors reflexly controlling the external 
sphincter in the cat and the nerve paths involved in this control. 


METHODS 


The observations were made on decerebrate cats. The external anal sphincter was exposed by a 
dorso-ventral skin incision, 3-4 cm long and about 14 cm from the anus on one side. The sphincter, 
which spreads over the anal gland like a fan, is thereafter best exposed by blunt dissection. Such 
an exposure gives a convenient pocket to hold a pool of warm liquid paraffin. Spinal anaesthesia 
of the lumbo-sacral cord, section of the lumbar sympathetic outflow to the gut and division of the 
pelvic nerves were carried out in the manner previously described (Garry, 1933a). The spinal cord 
was divided under full ether anaesthesia by tying a ligature extradurally round the cord after 
opening the vertebral canal. Colostomies were made in conventional fashion just caudal to the 
caecum. 

Two very fine unenamelled stainless steel needles, about 3 mm apart, served as electrodes. The 
tips just penctrated the surface cf the external sphincter end were held in position by & light spring. 
Such electrodes usually picked up the activity of several motor uni ly. The potentials 
were amplified, and displayed on an oscilloscope and recorded by an ink-writing oscillograph. 

Balloons were made by tying a condom over a perforated length of a narrow metal tube. Such 
balloons could be inserted into the colon through the anus or through a colostomy. The balloons 
were inflated by a bellows: the pressures within the balloon were displayed on a mercury mano- 
meter and, by means of a transducer valve, recorded by one of the pens of the ink-writing oscillo- 
graph. Soap solution was used to lubricate the balloons. In order to enhance slightly the tonic 
activity of the external sphincter and to avoid stimulating the circumanal skin and the mucosa 
of the anal canal during manipulations of the balloon, a narrow brass tube was often placed in the 
anal canal. The metal holder for the balloon moved freely within the brass tube so that the 
position of the balloon within the colon could be altered at will. 


RESULTS 
The ‘tone’ of the external sphincter 

Experiments were made on thirty cats, and, with one exception where the 
anal glands were pathologically distended and the external sphincter barely 
visible, a steady tonic discharge could always be obtained from the exposed 
striped sphincter. This tone showed no signs of waning with time. The steady 
tonic activity was increased by slight distension of the anal canal. Sharp 
bursts of activity, visible to the naked eye as twitches, were induced by 
stroking or pricking the circumanal skin. This is known as the anal reflex in 
man. Attempts to insert ar instrument into the anal canal from without 
caused strong contraction of the external sphincter, the guarding reflex. 
Pressure on the abdominal wall also enhanced tonic activity. 

Spinal anaesthesia of the lumbo-sacral cord destroyed all tonic activity in 
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the external sphincter. So did general anaesthesia with ether and full anaes- 
thetic doses of the barbiturates. Section of the pudendal uerves abolished 
tone in the external sphincter. On the other hand, application of a 5% 
solution of cocaine HCl to the anal canal and also to the mucous surface of the 
colon did not impair the tonic activity of the external sphincter. 


Inhibition of the tonic discharge 
The tonic discharge in the external anal sphincter could be inhibited by 
inflating the colon with air through a colostomy. This procedure, though free 
from the objections which may be raised against introducing balloons, did not 
lend itself to the investigation of the effects of different pressures. 


B 


Time = 1 sec 
Fig. 2. A, electromyogram of external sphincter of the anus of a decerebrate cat with spinal cord 
ligated in upper thoracic region. B, pressure in a balloon in the distal colon: maximum 
pressure 50 mm Hg. Note maintained tonic discharge after spinal ligation ; inhibition following 
distension of colon; rebound after pressure has been released. : | 


Distension of the colon with a balloon inhibited the tonic discharge (Fig. 2). 
A soap solution was used to lubricate the balloons. This often seemed to 
augment the tonic activity in the sphincter and we had the impression that 
the use of soap made it easier to elicit the inhibitory reflex. A considerable 
interval may be seen in Fig. 2 to occur between the start of the distension and 
the onset of inhibition. We failed to establish a relationship between this 
interval and either the magnitude of the distending pressure or the rate at 
which the pressure developed. Not infrequently the inhibition was brought 
to an end by a burst of increased activity in the sphincter. This rebound 
activity, which is well seen in Fig. 2, was a constant feature in the response 
after spinal ligation. 

Inhibition could always be obtained when the balloon distended the caudal 
region of the colon, but, in some cats inhibition was also quite marked when 
the cranial region of the colon was distended. The pressure required to evoke 
inhibition ranged from 10 to 60 mm of mercury. We were unable to satisfy 
ourselves that the rate at which pressure developed in the balloon had an 
influence on the magnitude of the pressure required to induce inhibition. 
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Distension of the colon, with inhibition of the external sphincter, was by 
no means always followed by the characteristic general viscero-somatic 
responses Of defaecation. On several occasions complete inhibition was 
maintained for well over 2 min. Ultimately either activity returned to the 
sphincter or defaecation set in. During spontaneous defaecation the tone in 
the external sphincter always disappeared. Towards the end of the act the 
inhibition frequently alternated with phases of strong contraction of the 
external anal sphincter, Spontaneous micturition was accompanied by 
inhibition of the external anal sphincter. 


Fig. 3. Eléctromyogram of external anal sphincter of a decerebrate cat. Between arrows deflated 
balloon moved to and fro within the colon. Note inhibition of the tonic discharge. 


Distension of the colon was not the only effective stimulus for eliciting 
inhibition. To-and-fro movement, or rotation, of the undistended balloon 
within the colon led to inhibition of the external sphincter (Fig. 3). Move- 
ment within the anal canal also caused inhibition of the external sphincter. 
Simple distension of the anal canal, on the other hand, produced an increase 
in the tone of the external anal sphincter. It was more difficult to show the 
effect of the movement, since, unless this was gentle, it was apt to displace 


the electrodes resting on the external sphincter. 


The nervous paths 

Isolation of the lumbo-sacral region of the spinal cord by ligation at or above 
L2 did not impair the tonic activity of the external sphincter, nor its reflex 
inhibition (Fig. 2). If spinal shock were present it could only have been of short 
duration. Ether anaesthesia was used during exposure and ligation of the 
spinal cord. By the time the anaesthetic had worn off, as indicated by the 
return of the knee jerk, distension of the colon produced inhibition of the 
external sphincter as before. 

Injection of a 1% solution of procaine HCl intrathecally between the last 
lumbar and first sacral vertebrae abolished the tonic activity in the external 
sphincter as long as the spinal anaesthesia lasted. This confirms the view that 
the tonie activity is reflex in nature. When the tonic discharge was re- 
established it was again possible to elicit the inhibitory response by distension 
of the colon (Fig. 4). 
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Destruction of the lumbar sympathetic outflow was carried out as com- 
pletely as possible by section of the spinal rami to the inferior mesenteric 
ganglia, by avulsion of the ganglia themselves, by stripping the periarterial 
nerves off the inferior mesenteric artery and by section of the hypogastric 


Time = 1 sec 


Fig. 4. Electromyograms of the external sphincter of the anus of a decerebrate cat. Between the 
arrows in each record the distal colon was distended with a balloon. A, before spinal anaes- 
thesia, balloon pressure 20 mm Hg; B, during spinal anaesthesia, balloon pressure 60 mm Hg; 
C, after spinal anaesthesia had worn off, balloon pressure 40 mm Hg. Note that tonic activity 
is abolished as long as spinal anaesthesia lasted. With the return of tonic discharge the 
inhibitory reflex to colon distension could again be elicited. 


Time sec 


Fig. 5. Electromyogram of external anal sphincter of a decerebrate cat after division of the 
lumbar sympathetic outflow. Between the arrows the colon was distended with a balloon 
inflated to a maximum pressure of 60 mm Hg. 


nerves. There was no obvious change in the tonic activity of the external 
sphincter; distension of the colon still produced inhibition (Fig. 5) sometimes 
more easily than before sympathectomy. 

After division of the pelvic nerves the resting tonic activity of the external 
sphincter, far from being imparied, was actually enhanced. But distension of 
the colon no longer induced inhibition of the sphincter (Fig. 6). In one cat 
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in which only a small twig of one pelvic nerve remained uncut, distension of 
the colon still produced inhibition. 

After application of a 5%, solution of cocaine HCl to the mucous surface 
of the colon no inhibition of the external sphincter could be obtained either by 
distension of the colon or by movement of the balloon within the colon (Fig. 7). 
During the period in which the cocaine prevented the distension of the colon 
from eliciting inhibition it was observed that complete inhibition of the dis- 
charge in the sphincter still occurred as an accompaniment to spontaneous 
micturition. 


Time = 1 sec 7 
Fig. 6. Electromyogram of external anal sphincter of a decerebrate cat. Between the arrows the 
pressure in the balloon in the distal colon was raised. A, balloon pressure 20mm Hg: B, 


after division of the pelvic nerves, balloon pressure 80 mm Hg; inhibitory response no longer 
obtained. 


Time =1 sec 


Fig. 7. Electromyogram of external anal sphincter of a decerebrate cat 10 min after application 


of a 5% solution of cocaine HCl to the mucous membrane of the distal colon. Between the 
arrows the colon was distended with a balloon inflated to a maximum pressure of 100 mm Hg; 
the inhibitory response to colon distension is no longer elicited. 


After section of the lumbar sympathetic outflow and of the pelvic nerves 
attempts were made to inhibit the external anal sphincter by moving an object 
within the anal canal. Such movement inevitably disturbed the sphincter and 
the electrodes mechanically. However, when a thin brass rod with serrations 
was rotated or moved to and fro within the anal canal slight inhibition of the 
external sphincter could be seen in spite of the mechanical disturbance. 
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DISCUSSION 

The external sphincter is composed of ‘red’, sarcoplasm-rich, striped, muscle 
fibres of small diameter, 50. as compared with 75 in the biceps femoris in the 
cat. These are the histological features in skeletal muscle which are attributed 
to the maintenance of prolonged tonic contraction. The electromyographic 
findings conform to what one would expect from this type of muscle, a steady 
discharge was observed in the absence of deliberate stimulatory procedures. 
The discharge ceased on cutting the pudendal nerves. We have, however, no 
precise information about the genesis of this tone; it is well marked after 
section of both parasympathetic and sympathetic outflows to the distal 
portion of the gut and after isolation of the lumbo-sacral region of the cord. 
Identification of the source of the ingoing impulses concerned in this reflex 
tonic activity, if reflex in origin it be, will be difficult since many such ingoing 
impulses no doubt travel in the pudendal nerves which also carry the outgoing 
axons to the sphincter itself. No attempts have yet been made to cut the 
dorsal roots for technical reasons. One could object that in our series noci- 
ceptive impulses from the trauma at the skin incision and from the exposed 
tissues generated a tonic activity or that the soap solution used to lubricate 
the balloons might have sufficient stimulating effect to account for the sustained 
discharges which we observed. The continuous resting activity has, however, 
been observed repeatedly with minimal trauma and without the use of soap. 
Additional trauma had no sustained effect on the discharge. Furthermore, 
Floyd & Walls (1953), using surface electrodes, also saw this continuous tone 
in man without surgical interference. 

There is obviously a reflex ‘centre’ for the external sphincter of the anus in 
the lumbo-sacral region of the spinal cord since the maintained tone and its 
modification by reflexes can be demonstrated after the spinal cord has been 
ligated as low as L2. Higher ‘centres’ and the existence of ‘voluntary’ 
control are not excluded. The persisting idea that the external sphincter is 
independent of the central nervous system and is controlled in some fashion or 
other by peripheral ganglia of the autonomic system receives no support from 
our findings. 

Both distension of the colon and movement within the colon elicited inhibi- 
tion of the external sphincter. Garry (1933) rather doubted the effectiveness 
of simple distension as the prime stimulus for the reflexes of defaecation. He 
used a water manometer and did not employ adequate pressure. The pressures 
in the present: series, 10-60 mm mercury, are probably not excessive since 
Goligher & Hughes (1951) and Nathan & Smith (1953) had to use pressures 
ranging from 40 to 150 mm of mercury in the rectum in man to evoke the 
desire to defaecate. It is commonly said that this desire in man is fugitive. 
In our cats the inhibition could be maintained continuously for well over 2 min 
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at the end of which either the discharge recommenced or defaecation movements 
set in. Movement within the anal canal was also an effective stimulus for 
inhibition of the external sphincter as one would expect from the previous 
observations of Garry (19336) and of Barrington (1921) on micturition. It 
should be noted that simple distension of the anal canal, as opposed to move- 
ment over the mucosa, elicited an increase in the tonic activity of the sphincter. 

Inhibition of the external sphincter was always obtained by distension of 
the caudal region of the colon. Frequently, however, such inhibition could be 
obtained by distension of the colon as far cranial as the caecum. In man, 
according to Goligher & Hughes (1951), the desire to defaecate is aroused when 
distension takes place in the caudal portion alone of the colon, whereas dis- 
tension of the cranial regions causes colic. It may be that the whole of the 
colon of the cat, a carnivorous creature, corresponds functionally to the more 
caudal portions of the large intestine in man. __ 

Since distension of the colon failed to evoke inhibition of the external 
sphincter when the pelvic nerves were cut and the sympathetic supply was 
intact, the ingoing fibres for this inhibitory reflex must lie in the pelvic nerves. 
This inhibitory reflex is the one whose existence Garry (19335) suspected but 
was unable to establish with the purely mechanical techniques then at his 
disposal. This viscero-somatic reflex corresponds to Barrington’s fifth micturi- 
tion reflex: ‘a spinal reflex evoked by distending the bladder, effecting a 
relaxation of the urethra and having its afferent path in the pelvic and its 
efferent in the pudic (pudendal) nerves’. 

Section of the pelvic nerves invariably augmented the resting tonic activity 
of the external sphincter. This suggests that, even when the colon is not dis- 
tended, there are ingoing impulses in the pelvic nerves exerting a continual 
inhibitory influence on the local spinal ‘centre’ responsible for tone in the 
external sphincter. 

On the other hand, when the pelvic nerves were intact, section of the lumbar 
sympathetic outflow frequently allowed the inhibitory reflex to be elicited with 
greater ease. The following three possible mechanisms have been considered in 
relation to this effect. There may be sympathetic afferents which have a 
facilitatory effect on the motor discharge to the sphincter, so that when the 
colon is distended with both autonomic nerves intact the pelvic and sympa- 
thetic act in ppposition, with the pelvic effect predominating. If this were 
true, distension of the colon with the pelvic nerves cut should produce an 
augmentation of the tone in the external sphincter. This did not occur (Fig. 6). 
Alternatively, the sympathetic supply may effect the stimulus-response 
relationship of those sense organs whose afferents, running in the pelvic 
nerves, are responsible for the inhibitory reflex. No information is available 
on this point. 

Again, the augmented activity of the gut, due to removal of sympathetic 
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inhibitory impulses, may make it easier for the mechanical deformations to 
stimulate the sensory endings of the pelvic afferents. In the light of our present 
ignorance this is regarded as the likeliest explanation. 

The tone of the external sphincter is inhibited by movement within the anal 
canal both before and after the pelvic nerves have been cut. This suggests that 
ingoing impulses in the pudendal nerves may reflexly decrease the number of 
impulses passing out in the pudendal nerves to the external sphincter. Garry 
(19336) was satisfied that such a reflex exists, although he could not demon- 
strate it on every occasion. Barrington (1921) describes a corresponding 
fourth micturition reflex in which the flow of urine along the urethra caused 
inhibition of the external urethral sphincter after section of the pelvic nerves. 
Garry (19335) showed that movement within the anal canal brought about 
relaxation of the internal anal sphincter after section of the pudendal nerves. 
Therefore some centripetal impulses must run from the anal canal in the 
pelvic nerves. In the intact cat, then, movement within the anal canal 
probably evokes centripetal impulses in both the pelvic and the pudendal 
nerves. We have not studied the pathways involved in that inhibition of anal 
sphincter discharge which accompanies spontaneous micturition. 

There is possibly something to be said for numbering the individual com- 
ponent reflexes of defaecation in a manner similar to that used by Barrington 
for the reflexes of micturition. Such numbering, however, is apt to obscure 
the normal co-ordinated sequence of events. Probably a truer physiological 
picture is given by a description which recognizes just two stages. In stage 
one, distension of the colon and movement within the colon send impulses 
along the pelvic nerves to the lumbo-sacral region of the spinal cord which 
acts as a ‘centre’. Then motor impulses to the colon and inhibitory impulses 
to the internal anal sphincter pass out by the pelvic nerves. The external 
sphincter relaxes, owing to inhibition of its motor centre. In stage two, move- 
ment occurs within the anal canal. During this stage, the ingoing impulses 
run in the pelvic and in the pudendal nerves, The ‘centre’ is again in the 
lumbo-sacral cord. Outgoing motor impulses pass, by the pelvic nerves, to 
the colon to maintain contraction, Continuing inhibitory impulses in the 
_ pelvic nerves maintain the relaxation of the internal anal sphincter and the 
relaxation of the external sphincter persists since the impulses in the pudendal 
nerves are still in abeyance. At the close of this second stage the inhibition of 
the external sphincter is interrupted at intervals by phases of strong contraction. 

There is little that can be said about the nature, the detailed location and 
the characteristics of the receptors concerned in defaecation. Receptors 
essential for faecal continence in conscious human beings may lie in the 
mucous membrane or in the muscular wall of the rectum (Gaston, 1948a, 
Goligher, 1951; Goligher & Hughes, 1951). But these are not necessarily the 
receptors concerned in the reflexes of defaecation. Histology alone is of little 
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assistance in sorting out the physiological functions of the various receptors. 
Nerve endings have been found in the mucosa and in the muscular wall of the 
rectum of human foetuses and of the distal colon of kittens (Sotelo, 1954-55), 
but the functional significance of these remains to be elucidated. 

We now know however that the receptors for the inhibitory reflex lie not 
far from the colonic mucosa and send their afferents in the pelvic nerves, since 
this inhibitory reflex disappears shortly after the application of cocaine to 09 
mucosa and is absent if the pelvic nerves are cut. 


SUMMARY 

1. Electromyographic records were made of the activity of the exposed 
external sphincter of the anus in decerebrate cats. 

2. The external sphincter shows tonic activity which persists after tran- 
section of the spinal cord in the lower thoracic region, after section of the 
sympathetic outflow to the colon, after division of the pelvic nerves or after 
local anaesthetization of the colonic mucosa. | 

3. The tonic activity of the external sphincter is augmented by tactile 
stimuli to the circumanal region, by simple distension of the anal canal, by 
pressure on the abdomen or by division of the pelvic nerves. The activity 
ceases when the pudendal nerves are cut, during spinal anaesthesia of the 
lumbo-sacral region of the cord and during general anaesthesia. 

4. The tonic activity of the external sphincter is inhibited by distension of 
the colon, by movement within the colon and by movement within the anal 
canal. Inhibition was also frequently observed to accompany spontaneous 
micturition. 

5. These inhibitory responses persist after transection of the spinal cord in 
the lower thoracic region. The inhibition produced by distension after spinal 
section is followed by a short ‘rebound’ phase of enhanced activity. 

6. The inhibition of the external sphincter in response to distension of the 
colon is destroyed by section of the pelvic nerves or by anaesthetization of the 
mucous membrane of the colon: so that some of the receptors for this inhibitory 
reflex must lie not far from the colonic mucosa and must send their afferents 
in the pelvic nerves. 

7. The inhibition of the external sphincter produced by movement within 
the anal canal persists even after division of the pelvic nerves: presumably, 
then, the ingoing and outgoing paths in this case are both in the pudendal 
nerves, 

8. The sympathetic outflow to the colon appears to take no direct part in 
these inhibitory responses. 
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Estimates of the acetylcholine content of insects are notable for two reasons. 
The values for different species vary over an extraordinarily wide range; and 
they are generally much higher than those for vertebrate tissues. For instance, 
Corteggiani & Serfaty (1939) determined the acetylcholine content of insects 
from several genera, and reported values ranging from 3-5 to 55y.g/g for heads, 
and from 65 to 200g/g for nerve tissue. In contrast, Prosser (1946) cites values 
of 0-4-3-8 g/g for the brain of the dog and cat, and the highest value cited is 
25 ug/g for the cat sympathetic ganglia. Previous estimates of the acetylcholine 
content of insects were obtained using methods developed for vertebrate tissues, 
and without examining the validity of these methods when applied to insects, in 
which, for instance, the cholinesterase activity may be much greater (Richards 
& Cutkomp, 1945). Inthisstudy we have made a critical examination of methods 
for the estimation of acetylcholine in insects, and have applied our findings to the 
determination of the acetylcholine content of insects from a number of species. 


MATERIALS AND METHODS 
The insects were obtained from stock laboratory cultures maintained under the following con- 
ditions: 

Blowflies (Calliphora erythrocephala, Lucilia sericata) were reared at 25°C and 75-80% 
relative humidity. The breeding cultures were supplied with ox liver, sucrose and water, and the 
larvae were reared to pupation on fresh ox liver. The adults to be used in the experiments were 
supplied with sucrose and water only. 

House-flies (Musca domestica) were reared at 25° C and 70-80% relative humidity. The larvae 
were reared on a mixture of toppings, grassmeal, yeast, ‘Stortex’ and water. Test adults were 
maintained on a diet of 35% milk. 

_ Cockroaches (Periplaneta americana) were reared at 27° C and 40% relative humidity, and main- 
tained on a diet of rolled oats, toppings, fishmeal and yeast. 

Tenebrio molitor adults were reared at 25° C and 70% relative humidicy, and maintained on a 
diet of rolled oats, toppings and yeast. 


* On leave of absence from Science Service Laboratory, Canada Department of Agriculture, 
London, Ontario. 
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The flies were collected in a sucking-tube and immobilized by placing in a refrigerator at 4° C for 
10-15 min: the cockroaches were immobilized in the same manner. The beetles were less active, 
and could be removed from the culture jars and handled without preliminary cooling. 


Extraction media 
TCA-Ringer’s solution. Prepared by adding trichloracetic acid (TCA) to frog Ringer’s solution 


(NaCl 7 g, KCl 0-14 g, CaCl, 0-12 g, NaHCO, 0-2 g, and glass-distilled water to 1 1.). 
HCl-Ringer’s solution. Frog Ringer's solution brought to 0-1" with respect to HCl by the addi- 


tion of 0-33-HCL. 
Assay of acetylcholine 
The acetylcholine content of the extracts was estimated by their action on the eserinized rectus 
abdominis muscle of the frog. The effect of substances which sensitize the muscle to acetylcholine 
was allowed for according to the method described by Feldberg (1945). For this purpose blanks 
were prepared by treating a portion of the extract with alkali, at room temperature, to destroy 
the acetylcholine. The values reported in this paper refer to acetylcholine ion (ACh). 


RESULTS 


The experiments to establish the most satisfactory extraction procedure were 
carried out using isolated heads from the blowfly, Calliphora erythrocephala. 
Comparison of acid extraction methods 

Acetylcholine is often extracted from tissue by disintegration in hydro- 
chloric acid followed by boiling. This method was compared with that using 
trichloroacetic acid for the extraction of acetylcholine from blowfly heads. 
With both methods, the effect of various concentrations of eserine on acety!l- 
choline recovery was examined. 

TCA extraction. Adult blowflies (C. erythrocephala), 12 days old, were cooled 
and decapitated in four groups of about 65 flies. The heads were allowed to 
fall into a Potter-Elvehjem homogenizer tube containing 2 ml. of ice-cold 10° 
TCA-Ringer’s solution of the required eserine content. The weight of heads was 
determined by weighing the tubes immediately before and after the addition 
of the heads. The heads were homogenized, and the pestle rinsed with 1 ml. 
10% TCA-Ringer’s solution. The suspension was then allowed to stand at 
room temperature for 20-30 min before being centrifuged for 10 min at 
2000 g. The supernatant was transferred to a separating funnel, and the residue 
re-extracted by homogenizing with 1 ml. of the extraction medium. The sus- 
pension was again centrifuged and the supernatants combined. These were 
then extracted three times with five volumes of water-saturated ether, to | 
remove the trichloroacetic acid, and stored during the night at 4°C. At this stage 
the pH was usually between 3 and 4. Dissolved ether was removed by aeration, 
the pH adjusted to 6-5-7, and the volume made up to 5 or 10 ml. with frog 
Ringer’s solution before aliquots were taken for assay. 

HCl extraction. The heads from a further four groups of flies were collected in 
a homogenizer tube in 2 ml. HCl-Ringer’s solution containing the required 
amount of eserine, and the weight of heads determined as above. The heads 
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were homogenized and the pestle rinsed with 1 ml. of HCl-Ringer’s solution; 
the suspension was then heated for 1 min, in a boiling water-bath, before being 
centrifuged. The residue was washed by suspension in 1 ml. of distilled water, 
centrifuged, and the supernatant added to the first extract. The combined 
extracts were brought to pH 4-5 by the addition of about 0-8 ml. of 0-33n- 
NaOH, and stored during the night at 4° C. The pH of all extracts was adjusted 
to 6-5-7, and the volume made up to 5 ml. with Ringer’s solution before assay. 

The results given in Table 1 show that slightly higher recoveries were con- 
sistently obtained with 10% TCA-Ringer’s solution. The table also shows that, 
with TCA at least, the recovery of ACh is not significantly increased by the 
presence of eserine. The somewhat higher recoveries obtained with HCl-extrac- 
tion when eserine was present seem to be of doubtful significance. 


Taste 1. Recovery of ACh from Calliphora heads: comparison of acid extraction methods 


at various eserine concentrations 
TCA extraction HCl extraction followed by boiling 
ACh recovery ACh recovery 
concen. No. of heads No. of heads 
(%) heads (mg) pele 100 heads (mg) we/g 100 heads 
0-000 65 180-2 30-8 8-54 69 179-1 24-3 6-3 
0-001 — 67 174-3 28-7 7-46 
0-010 67 180-2 29-2 7-85 67 181-3 26-3 71 
0-100 65 171-7 32-4 8-55 68 175-8 28-4 7-35 
Mean ACh 30-8 8-3 : 26-9 70 
recovery 


Recovery of acetylcholine from Calliphora heads after freezing 

Hobbiger & Werner (1948), working with vertebrate tissue, obtained lower 
recoveries of ACh from frozen than from fresh tissue. They suggested that this 
low recovery was mainly due to a loss of ACh by enzymic hydrolysis during the 
period between thawing of the tissue and complete inactivation of the 
cholinesterase. The cholinesterase activity of fly heads is higher than that of 
most vertebrate tissue, and the possibility that similar losses occur with frozen 
fly heads was investigated. Three methods for dispersing the frozen tissue into 
TCA were examined. In the first method the heads were homogenized in a 
frozen slush of 10° TCA-Ringer’s solution in a Potter-Elvehjem homogenizer ; 
in the second, the heads were dispersed in the same medium with a high-speed 
bladed homogenizer; in the third method the heads were ground in the frozen 


_ medium under liquid nitrogen. 


Heads were cut from 100 flies in two groups of 50, weighed, and plunged 
into liquid nitrogen, so that the mean time between decapitation and freezing 
was 10 min. One group of frozen heads was then dispersed in 1 ml. of 10% 
TCA-Ringer’s solution at —3°C. The homogenate was centrifuged, re-extracted, 
and prepared for assay according to the procedure already wenn The 
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second group of frozen heads was disintegrated in a bladed homogenizer in 
4 ml. of 10% TCA-Ringer’s solution at ~3°C. This homogenate was also 
allowed to stand for 20 min at room temperature before being centrifuged. 
The residue was extracted with a further 2 ml. of medium and the combined 
extracts prepared for assay as before. 

In the third method, heads were cut from 90 flies in groups of 15, each group 
being weighed as rapidly as possible and frozen in liquid nitrogen, so that the 
mean time between cutting and freezing was 50 sec. Three ml. of 10% TCA- 
Ringer’s solution were added to 30 heads in a mortar containing liquid nitro- 
gen, and the frozen mass was ground to a fine powder. The frozen powder was 
allowed to thaw, and after 25 min at room temperature the suspension was 
centrifuged. The residue was extracted with a further 1 ml. of medium and the 
combined extracts prepared for assay. 


TaB_e 2. Comparison of recoveries of ACh from fresh and frozen Calliphora heads 


ACh recovery 
No. of heads Hg 
Method of extraction heads (mg) pe/e 100 heads 
Frozen heads homogenized in 10% 50 194-0 3-0 1-2 
TCA-Ringer at - 3° C to 0° C in 
Potter-Elvehjem homogenizer 
Frozen heads homogenized in 10% 50 193-0 5-0 2-0 
TCA-Ringer at - 3° C to 0° C in 
bladed homogenizer 
Frozen heads ground in 10% TCA- 30 119-7 19-5 78 
Ringer under liquid nitrogen 30 121-7 19-2 7:8 
30 114-0 22-0 8-3 
Fresh heads homogenized in 10 30 137-6 24-2 11-1 
TCA-Ringer * 30 125-0 26-4 110 
30 125-0 24-0 10-0 
30 119-0 24-4 9-7 
30 129-0 22-5 9-7 


In Table 2 the results are compared with those obtained when fresh heads 
were extracted with 10°, TCA-Ringer’s solution as already described. It will 
be seen that the recovery of ACh from frozen heads was invariably lower than 
that obtained from fresh heads. Strikingly lower recoveries were obtained 
when the heads were dispersed into 10% TCA-Ringer’s solution at temperatures 
just below zero. However, when the tissue was ground with TCA-Ringer’s 
solution in the presence of liquid nitrogen, recoveries approaching those found 
with unfrozen heads were obtained. The results show that the more intimate 
and immediate the contact between TCA and tissue at the time of thawing, the 
higher the recovery of ACh. These findings suggest that the low recovery 
obtained from frozen heads may have been due to enzymic hydrolysis of ACh 
at temperatures between —3° and 0° C. 

Measurement of cholinesterase activity. To obtain evidence on the above points 
the cholinesterase activity of fresh heads was compared at 25° C with that of 
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heads which had previously been frozen in liquid nitrogen. The heads were cut 
from 24 flies and divided into two groups of equal weight. One group was 
homogenized immediately in 3 ml. of Ringer’s solution; the other was frozen 
in liquid nitrogen, and allowed to thaw before being homogenized. The cholin- 
esterase activity was measured manometrically, using 0-2 ml. aliquots of the 
homogenate, containing 8-2 mg of head tissue, in each flask. The byo, i.e. the 
number of microlitres of CO, evolved in 30 min, was calculated from the CO, 
production during the 5-20 min period. The b,, values for fresh and frozen heads 
were 86 and 98 respectively. It is clear from these results that preliminary 
freezing in liquid nitrogen does not impair cholinesterase activity. 

350, 


bao 
150 
100 
0 5 10 8615 20 «68D 30 
Temperature (°C) 
Fig. 1. Effect of temperature on the cholinesterase activity of Calliphora heads previously 
frozen in liquid nitrogen. 


The effect of temperature on the cholinesterase activity of heads previously 
frozen in liquid nitrogen was also examined. A third homogenate, containing 
450 mg of head tissue, was prepared from 120 fly heads which had previously 
been frozen in liquid nitrogen. The cholinesterase activity of this preparation 
was measured at various temperatures, using aliquots containing 25 mg of 
head tissue in each flask. The by values obtained are given in Fig. 1, which 
shows that at 5° C the activity of the enzyme was still one-third of its activity 
at 25°C. From the extrapolation of the curve it may be suggested that the 
esterase retains considerable activity at even lower temperatures. 

These results suggest that, in order to avoid Joss of ACh when extracting 
frozen tissue, it is necessary to maintain the tissue at a temperature low 
enough to stop all cholinesterase activity until the enzyme is completely 
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inhibited by the extraction medium. Apparently these conditions were not 
achieved even when the tissue was ground in liquid nitrogen in the presence of 
10% TCA, since the recoveries were still less than those obtained with fresh 
Rate of loss of ACh from frozen tissue. Since ACh was lost from frozen tissue 
which had been allowed to thaw, it was of interest to determine the rate at 
which this loss occurred. Groups of 50 or 100 heads were weighed and then 
frozen in liquid nitrogen. The first group of 50 was ground immediately in 
liquid nitrogen to which 3 ml. of 10% TCA-Ringer’s solution had been added. 
23 


| 


Time after removal from liquid nitrogen (min) 

Fig. 2. Effect of time after thawing on ACh content of Calliphora heads previously frozen 

in liquid nitrogen. 
A further group of 50 frozen heads was allowed to stand at room temperature 
for 2 min before being returned to liquid nitrogen and ground in 10% TCA- 
Ringer’s solution. Two groups, each of 100 heads, were similarly ground after 
standing at room temperature for 5 and 15 min respectively. In each case the 
frozen powder was allowed to thaw, and was extracted as described in the 
previous section. The results, shown in Fig. 2, illustrate the rapidity with which 
ACh is lost from tissue which has been frozen and then allowed to thaw. During 
the first 2 min after removal from liquid nitrogen more than 80% of the ACh 
was lost. Thereafter, the loss continued at a decreasing rate, and after 15 min 
only 4% of the original ACh could be recovered. Since the heads did not thaw 
immediately on being removed from liquid nitrogen, the initial rate of loss of 
ACh is probably even greater than that shown in Fig. 2. 

From our experiments with frozen fly heads we conclude that ACh, normally 
unavailable to the cholinesterase, becomes available after freezing. The 
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recovery of ACh from frozen tissue has been found to be much less than that 
obtainable from fresh tissue. Although the recovery from frozen tissue was 
increased by disintegrating the tissue under conditions bringing it into inti- 
mate contact with TCA before the temperature was high enough for the 
esterase to act, the highest result so obtained indicates that a loss of ACh still 
occurs. 


Time after decapitation (min) 
Fig. 3. The effect of time after decapitation on the ACh content of Calliphora heads: ©, heads 
extracted with 10% TCA-Ringer; x , heads boiled in acid Ringer (pH 4) and extracted with 
1% TCA-Ringer. 


Effect of time interval between decapitation and extraction 

The possibility that the ACh content of Calliphora heads may change during 
the interval between decapitation and extraction was also examined. Groups 
of 30 flies were cooled, and decapitated as rapidly as possible. The heads were 
weighed, and allowed to stand at room temperature for various times up to a 
maximum of 30 min before being homogenized in 2 ml. of 10%, TCA-Ringer’s 
solution. Zero time was taken as the mean time of cutting, i.e. after cutting 
15 heads. The minimum time interval obtainable by this method was about 
2 min. In order to reduce this still further, heads from 30 flies were cut directly 
into 10% TCA-Ringer’s solution, and homogenized in six groups of 5. In this 
way the interval between the mean time of cutting and the time of homogeniz- 
ing was reduced to about 15 sec. The weight of this group of heads was assumed 
to be equal to the average weight of the next three groups of 30. The remaining 
groups were homogenized at 5, 15 and 30 min intervals respectively, and the 
homogenates prepared for assay. The relation between ACh recovery and time 
after decapitation is shown in Fig. 3. 
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In the above experiment the value for zero time was obtained by homogeniz- 
ing 30 heads in groups of 5, whereas the remaining values were obtained by 
homogenizing groups of 30. Preliminary experiments suggested that the 
recovery of ACh may be somewhat greater when the volume of tissue is minimal, 
and therefore the above experiment was later repeated. On this occasion the 
same number of heads (30) were homogenized at each interval after decapita- 
tion, and the extraction was carried out by the method finally adopted as a 
result of this investigation, i.e. boiling followed by extraction with 1% TCA- 
Ringer’s solution, These results are also shown in Fig. 3. The figure shows that 
after 30 min at room temperature the recovery of ACh from isolated heads, 
by either method, is only about 50% of that obtained immediately after de- 
capitation. It seems important therefore to reduce to a minimum the interval 
between decapitation and extraction. These results are in keeping with those 
obtained by Elliott & McLennan (1949) who reported a similar loss of ACh from 
excised rat brain. 


Recovery of acetylcholine from Calliphora heads after boiling 

The previous sections have shown the importance of bringing about an 
instantaneous inhibition of the cholinesterase. In the previous experiments 
we have attempted to achieve this inhibition by rapidly dispersing the tissue 
into the acid extraction medium. A simpler procedure would be to inactivate 
the enzyme before extraction. This possibility was examined in experiments 
in which the heads were boiled before they were homogenized. 

The heads were cut and weighed as rapidly as possible in groups of 30, and 
plunged into 4 ml. of boiling Ringer’s solution, previously adjusted to pH 3-4 
with 0-3N-HCl. After boiling for 14 min the heads were cooled, and trans- 
ferred to a homogenizer tube with 2 ml. of the boiled Ringer’s solution. This 
solution was then brought to 10% with respect to TCA by addition of the 
appropriate volume of 60° TCA. The heads were homogenized, the suspension 
centrifuged, and the residue was re-extracted with the remainder of the boiled 
Ringer’s solution. The combined supernatants were extracted with ether and 
made up to 10 ml. with Ringer’s solution washings of the beaker in which the 
heads were boiled. The retention of all the boiled Ringer’s solution was essen- 
tial since preliminary experiments showed that some ACh had been extracted 
by boiling alone. The results are shown in Table 3 and compared with those 
obtained with unboiled heads, using the same extraction procedure. 

The higher yield from boiled heads was not due merely to a more efficient 
extraction of ACh from the tissue, since equal aliquots of a homogenate of fresh 
heads prepared in 10% TCA and then adjusted to pH 4, yielded ACh values of 
23-5 and 25:3ug/g respectively, for the boiled and unboiled aliquot. We attri- 
bute the higher yield of ACh from boiled heads to the fact that cholinesterase is 
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destroyed im situ before ACh becomes available to it; whereas when fresh heads 
are crushed, even in 10% TCA, there is a brief time in which ACh is available to 
cholinesterase before the enzyme is destroyed. 


Tass 3. Effect of preliminary boiling on the recovery of ACh from Calliphora heads 


ACh recovery 
0. 0: heads 
Method of extraction heads (mg) pe/@ 100 heads 
Heads boiled, and then homogenized 30 114-2 32-8 13-0 
in 10% TCA-Ringer 30 113-6 33-0 13-0 
30 114-4 32-8 13-0 
: Mean 32-9 13-0 
Fresh heads homogenized in 10% 30 124-9 24-0 10-0 
TCA-Ringer 30 118-9 24-4 9-7 
30 129-0 22-5 9-3 
Mean 23-6 9-7 
to bowled tissue 


As described above, preliminary boiling prevents the loss of ACh which we 
have attributed to enzymic hydrolysis at the time the tissue is crushed. Since 
boiling will denature the tissue proteins and release ACh, the possibility of 
reducing the concentration of TCA in the extraction medium was examined. 
A reduction in TCA concentration would eliminate the necessity for ether 
extraction, and avoid the possibility of losses in the ether layer. Preliminary 
attempts to replace ether extraction by neutralization, when using 10% 
TCA-Ringer’s solution, were not satisfactory. The time interval between the 
assays had to be increased, and the sensitivity of the frog muscle was not 
maintained. By reducing the initial concentration of TCA to 1%, it was possible 
to assay the neutralized samples at the normal 5 min intervals without any 
loss of sensitivity. The use of more dilute acid also reduced the risk of hydrolysis 
by the 10% TCA, reported by Dale & Dudley (1931). 

In order to compare methods using 10 and 1% TCA for the extraction of 
boiled tissue, the following experiments were performed. Seventy flies were 
decapitated, the heads were weighed, and plunged into 4 ml. of boiling Ringer’s 
solution at pH 3-4. After 1} min the boiled heads were cooled and transferred 
with the Ringer’s solution to a weighed tube and homogenized. The pestle was 
rinsed with 1 ml. of Ringer’s solution and the homogenate and the tube re- 
weighed. Two 3 ml. samples were transferred to weighed centrifuge tubes which 
were then re-weighed, and the weight of the head tissue in each tube calculated. 
The samples were brought to 1% or 10% TCA and allowed to stand for 30 min 
before being centrifuged. The residues were extracted with a further 1 ml. of 
1% or10% TOA-Ringer’s solution. The combined supernatants containing 10% 
TCA were extracted with ether in the usual manner, and after removal of dis- 
solved ether by aeration they were assayed on the frog muscle. The supernatants 
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containing 1% TCA were neutralized with 0-33 n-NaOH, added slowly 
and with constant vigorous stirring. This solution was then assayed without 
. further treatment. Table 4 shows the results of three such experiments, in 
which either of the two methods was applied to aliquots of the same homo- 
genate. The table shows that in each case the aliquot treated with 1% TCA, 
and neutralized, yielded a higher result than that treated with 10% TCA and 
extracted with ether. 


Taste 4. Recovery of ACh from homogenates of boiled heads 


Method of extraction of equal aliquots of 
homogenates A, B, and C 


"10% TCA followed 1% TCA followed 


extraction neutralization 
Homogenate § ACh recovery (ug/g) § ACh recovery (ug/g) 
A 26-6 30-6 
B 30-4 34-2 
Cc 30-0 33-4 
Mean 29-0 32-7 


Elimination of the extra manipulations involved in the ether extraction 
would justify the use of an alternative method, even if it gave no higher yield. 
MacIntosh & Perry (1950) suggest that the ACh values obtained by extraction 
with 10% TCA are probably about 10% below the true value, owing to incom- 
plete extraction and to acid hydrolysis. If their suggestion is correct, then the 
values we obtained, using 1% TCA applied to boiled tissue, represent the true 
values, since they are about 10% higher than those obtained by the usual TCA 
extraction method. Our experiments do not, however, differentiate between 
loss by acid hydrolysis and loss during the ether extraction. 


The acetylcholine content of head and nerve tissue from various insects 

The above studies with Calliphora heads have shown that boiling of the 
intact head followed by extraction with 1% TCA appears to be the most valid 
method for estimating the ACh content of insect tissue. This procedure has 
therefore been adopted for the estimation of the ACh content of heads from the 
following species: Lawilia sericata, Musca domestica, Tenebrio molitor, Peripla- 
neta americana, and of the thoracic nerve cord of P. americana. 

Method of extraction. The insects were decapitated as rapidly as possible, the 
heads weighed and plunged into 3 or 4 ml. of boiling Ringer’s solution pre- 
viously acidified to pH 3-4 with 0-33 n-HCl. The heads were then transferred to 
a Potter-Elvehjem homogenizer together with the boiled Ringer’s solution, 
which was then brought to 1% with respect to TCA. The tissue was homogen- 
ized and the pestle rinsed with 1 ml. of acid Ringer’ssolution. Thesuspension was 
allowed to stand at room temperature for 20 min before being centrifuged. The 
residue was extracted with a further 1 ml. of acid Ringer’s solution and the two 
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extracts combined in the vessel in which the heads were boiled. The extracts 
were neutralized by the addition of 3 or 4 drops of saturated NaHCO, solution, 
and then made up to 10 ml. with frog Ringer's solution and assayed. 

The results are shown in Table 5. The ACh values for the heads of the flies 
are markedly higher than those for the heads of Tenebrio molitor and Peri- 
planata americana. This difference is possibly a reflexion of a higher ratio of 
chitin to nerve tissue in the head of the beetle and of the cockroach than in the 
heads of the flies. 

Tasiz 5. ACh content of some insect heads 


ACh content 
No. of Wt. of 
Insect heads heads (mg) beads 
Calliphora erythrocephala 27 113-2 34-2 14-4 
27 115-4 30-6 13-1 
27 113-8 33-4 141 
Mean 32-7 13-9 
Lucilia sericata 30 102-8 29-2 10-0 
30 103-0 28-3 9-7 
30 105-6 27-3 9-6 
Mean 28:3 9-8 
Musca domestica 50 95-0 25-3 4:8 
50 94-0 26-6 5-0 
50 94-4 26-5 5-0 
Mean 26:1 49 
Tenebrio molitor 25 126-9 7-9 4-0 
30 154-4 8-1 4-2 
30 147-9 74 3-7 
Mean 7:8 3-9 
Periplaneta americana 20 942-3 11-0 52-0 
10 470-9 9-8 46-3 
10 472-4 8-5 
Mean 9-8 46-1 


The thoracic nerve cord of the cockroach was examined by a similar tech- 
nique. In these experiments, groups of 8 to 10 insects were dissected and the 
isolated cords were plunged into boiling Ringer’s solution (pH 3-4) immediately 
after excision, and extracted as described above. The total time for each dis- 
section was 8-10 min, and the interval between cutting the caudal connectives 
and boiling was 34 min. The weight of each cord was taken as 5 mg, which 
was the mean weight determined in preliminary experiments. In order to 
examine the possibility that a gross change of ACh may occur during the 
dissection, estimations were also made on a ventral strip of tissue containing 
the thoracic nerve cord. Each strip of tissue was plunged into boiling Ringer’s 
solution immediately after excision; thus the interval between dissection and 
boiling was reduced to 1-5 min. The weight of nerve tissue was assumed to be 
the same as that of the isolated nerve cord and the ACh content calculated on 
that basis, 
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The results for the thoracic nerve cord of the cockroach are shown in Table 6. 
The ACh values obtained by the ‘ventral strip method’ were somewhat higher 
than those obtained with isolated cords. These values, however, are not so 
much higher as to suggest that the isolated cords had lost any significant 
amount of ACh during dissection; for the ventral strip might in any case be 
expected to give a somewhat higher yield, since it includes a comparatively 
large mass of muscle tissue and this may contain traces of ACh. 


TaBie 6. ACh content of the thoracic nerve cord of Periplaneta americana 


Estimated total 
No. of wt. of cords ACh content 

Preparation insects (mg) (ug/g) 
Isolated nerve cord a 45-0 35-9 
40-0 37-5 

Mean 36-7 

Nerve cord in 10 50-0 54-3 
ventral strip 10 50-0 45-7 
Mean 50-0 

DISCUSSION 


Several workers have demonstrated the presence of an acetylcholine-like 
substance in insects, using pharmacological methods. Further evidence for the 
identity of this substance has recently been obtained with several insects. 
Chromatographic and other chemical methods have been used to demonstrate 
the presence of ACh in Lucilia sericata (Lewis, 1953), Apis melliphora (Augus- 
tinsson & Grahn, 1954), Musca domestica (Chefurka & Smallman, 1955; 
Winteringham & Harrison, 1956) and in Calliphora erythrocephala (Fowler, 
personal communication). The active substance in the nerve cord of the cock- 
roach, Periplaneta americana, has been shown by Tobias, Kollros & Savit 
(1946) to resemble ACh in the following respects. It is destroyed by alkali, and 
by cholinesterase, and its action on the frog muscle is potentiated by eserine. 
We have confirmed these findings and also shown that the action on the frog 
muscle is abolished by atropine. 

The methods used to extract ACh from insects have usually been those 
developed for use with vertebrate tissue. Many insect tissues, however, con- 
tain exceptionally high concentrations of cholinesterase (Metcalf & March, 
1950) and choline acetylase (Smallman, 1956); and one would expect that, if 
these enzymes are not completely inhibited at the time of extraction, they will 
influence theamount of ACh recovered. Therefore, in attempting to establish the 
in vivo concentration of ACh in insect tissue, we have assumed the most valid 
method to be that which produced the highest yield under conditions where 
synthesis of ACh was eliminated. 

The use of 10% TCA was adopted by Chang & Gaddum (1933) for the extrac- 
tion of ACh from vertebrate nerve tissue, and their method has been used as a 
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basis for comparison in this investigation. It had been shown by Dale & 
Dudley (1929) that tissue may lose an appreciable quantity of ACh on being dis- 
integrated. Chang & Gaddum considered the possibility of losses during the 
interval between crushing the tissue and inactivation of the cholinesterase by 
TCA, but they concluded that the interval was too short for any significant loss 
to occur. However, the particularly high concentration of cholinesterase in 
some insect tissues increases the probability of such a loss. Evidence that a 
loss does in fact occur is provided by our finding that the recovery of ACh from 
Calliphora heads is increased when cholinesterase is first destroyed in situ by 
boiling the intact heads. 

Our comparison of acid extraction methods indicates that the yield of ACh 
from Calliphora heads obtained by extraction with HCl-Ringer’s solution 
followed by boiling is lower than that obtained by extraction with 10% TCA- 
Ringer’s solution. This difference is possibly due to a loss of ACh by enzymic 
hydrolysis, since the relative efficiency of these extraction media may depend 
upon the more rapid penetration of TCA into the tissue, and the more rapid 
inhibition of the cholinesterase at the time the tissue is crushed. 

Our results with frozen fly heads indicate that the low recoveries obtained 
when such tissue was extracted with 10° TCA-Ringer’s solution may also be 
attributed to loss by enzymic hydrolysis; for in Calliphora heads which have 
been frozen and allowed to thaw the cholinesterase activity is unimpaired ; 
moreover, it is still active at temperatures near 0° C. The loss of ACh from 
tissue which has been frozen suggests that freezing increases the mutual avail- 
ability of ACh and cholinesterase. Evidence in favour of this hypothesis is 
afforded by our finding that the rate of loss of ACh from frozen fly heads is at 
least twenty-five times that observed with unfrozen heads (see Figs. 2 and 3). 
Even when the frozen tissue was ground in a TCA medium under liquid nitro- 
gen, the recovery of ACh was lower than could be obtained when fresh tissue 
was extracted with the same medium. Crossland (1951), however, was able to 
obtain an increased yield of ACh from rat brain after freezing the tissue in 
liquid nitrogen; but he emphasized the importance of keeping the tissue 
frozen until it is brought into contact with TCA. The problems involved in the 
extraction of ACh from frozen tissues have been studied in considerable detail 
by Hobbiger & Werner (1948) working with the frog central nervous system. 
Our results with insect heads are in general agreement with their findings, since 
they, also, obtained a low recovery from frozen tissue even when the tissue was 
ground in liquid air. They suggest that this low recovery may be due to enzymic 
hydrolysis during the brief interval between the release of ACh on freezing and 
complete inactivation of the cholinesterase. Our experiments do not enable 
us to decide whether the low recovery from frozen tissue is due entirely to 
loss at the time of thawing, or whether there is some loss at the time of freezing. 

The method in which intact heads are boiled immediately after decapitation 
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was adopted in an attempt to prevent enzymic hydrolysis of ACh. When this 
procedure was adopted consistently higher yields were obtained. Heating of 
the intact tissue before extraction was a method used by Loewi & Hellauer 
(1938) to release ACh from vertebrate tissue. These authors obtain identical 
values for the recovery of ACh from fresh tissue extracted with 10% TCA and 
from boiled tissue extracted with eserinized Ringer’s solution. Their observa- 
tion suggests that, when vertebrate tissue is crushed, the loss of ACh resulting 
from enzymic hydrolysis is insignificant compared with that which we have 
observed when working with fly heads. 

In agreement with previous workers we find that the levels of ACh in the 
insects we have examined are much higher than those reported for vertebrate 
tissues. The figures previously obtained by Lewis (1953) for ACh in heads of 
Calliphora erythrocephala and Lucilia sericata are lower than those reported 
here. It now seems likely that these low results might be accounted for by a 
loss of ACh during the interval between decapitation and extraction, and a 
further loss at the time the heads were homogenized. Our value for the head 
of Calliphora erythrocephala is comparable with the highest value given by 
Corteggiani & Serfaty (1939) for the head of the closely related species 
C. vomitoria. Similarly, their value for the head of the cockroach (Periplaneta 
americana) is comparable with that reported here. However, their value 
(20-35 ug/g) for the head of Tenebrio molitor is considerably higher than that ob- 
tained in our experiments. Tobias e¢ al. (1946) have reported a value of 47 g/g 
for the whole house-fly (Musca domestica), and state that almost all the ACh 
is in the head and thorax. Even if the ACh is uniformly distributed between 
these tissues, their figure would suggest that the head contains more ACh than 
we have been able to find. Since, however, these workers used unacidified 
eserinized Ringer’s solution as the extraction medium, this discrepancy may be 
due to synthesis of ACh in their extracts. Our figures for the thoracic nerve 
cord of the cockroach (Periplaneta americana) are comparable with the 32.g/g 
given by Roeder (1948) and the 46yug/g given by Tobias et al. (1946), but less 
than the figure of 70ug/g obtained by Mikalonis & Brown (1941). 

The concentration of ACh in the isolated nerve cord of the cockroach is not 
much higher than that in the whole head of the fly. Thus, if it is assumed that 
the ACh found in the fly head is derived mainly from nerve tissue, it would 
seem that the head ganglia of flies are exceedingly rich in ACh. The weight of 
nerve tissue in fly heads has not been determined, but an approximate value 
can be calculated from figures given by Lowne (1893-95), who estimated the 
weight of the brain (‘all the cephalic nerve centres’) in Calliphora erythrocephala 
to be 1/200 to 1/300 of the weight of the whole insect. On this basis the weight 
of brain tissue would be 0-2—0-3 mg; and if all the ACh found in the head is 
present in this tissue, a conservative estimate of the concentration would be 
500ug/g. Metcalf & March (1950) have estimated the weight of the brain of the 
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house-fly (Musca domestica) to be 0-3 mg; and on this basis our figure for the 


ACh content of Musca heads would give a value of 170ug/g for the head 
ganglia. Although these values seem extraordinarily high, Corteggiani & 
Serfaty (1939) have reported a value of 200ug/g for the cerebral ganglia of the 
carpenter bee, Xylocopa violacea. However, such high concentrations of ACh 
do not appear to be characteristic of all insect nerve tissue, as is shown by the 
much smaller values obtained for the thoracic nerve cord of the cockroach. 
Our investigations on the determination of the ACh content of insect tissues 
emphasize the importance of ensuring that the enzymes involved in ACh 
metabolism are prevented from altering the ACh level during the extraction. 
These considerations also apply to the determination of ACh in vertebrate tis- 
sue, but with some insect tissues they assume greater importance owing to the 
much higher concentration of cholinesterase and choline acetylase. We conclude 
then that valid results for ACh levels in such tissue can only be obtained when 
those enzymes are destroyed or inhibited before the tissue is extracted. 


SUMMARY 


1. Experiments to establish the most satisfactory procedure for the extrac- 
tion of ACh have been carried out with the head of the blowfly, Calliphora 
erythrocephala. 

2. A comparison of two methods, developed for use with vertebrate tissue, 
showed that a somewhat higher recovery was obtained with the method using 
10% TCA-Ringer’s solution than with that using 0-1 N-HCl-Ringer’s solution. 
The recovery, by either method, was not significantly increased when eserine 
was present in the extraction medium. 

3. The recovery of ACh from frozen heads extracted with 10% TCA- 
Ringer’s solution was invariably lower than that obtained from fresh heads. 
The rate of loss of ACh from heads which had been frozen and then allowed to 
thaw has been examined. Two minutes after removal from liquid nitrogen 80% 
of the ACh was lost. Possible reasons for this loss are discussed. 

4. The relation between ACh recovery and time after decapitation was 
examined, After 30 min the recovery was about 50% of that obtained im- 
mediately after decapitation. 

5. When heads were boiled before being extracted, the recovery of ACh 
was about 10% higher than that obtained from fresh heads. 

6. A comparison of 10 and 1% TCA-Ringer’s solution for the further treat- 
ment of homogenates of boiled heads showed that 1% TCA followed by 
neutralization gave a higher yield than 10% TCA subsequently removed by 
ether extraction. 

7. The method in which whole heads were boiled immediately after decapi- 
tation was finally adopted for the extraction of ACh, since it produced the 
highest yield under conditions where synthesis of ACh was eliminated. 
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8. This method has been used to estimate the ACh content of the heads of 
insects from a number of species, and that of the thoracic nerve cord of 


Periplaneta americana. The very high levels of ACh in some insect tissues have 
been confirmed. 


9. The particular difficulties associated with the extraction of ACh from 
some insect tissues are discussed. 


We wish to thank Mr K. H. Hallowes for his assistance with the experimental work, and Mr K. 8. 


- Fowler for his constructive criticism in the preparation of the paper. The paper is published by 


permission of the Department of Scientific and Industrial Research. 
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SODIUM CHLORIDE AND SMOOTH MUSCLE 


By F. B. HUGHES, R. J. 8. MCDOWALL anp A. A. I. SOLIMAN 
From the Department of Physiology, King’s College, University of London 


(Received 6 February 1956) 


It was shown by McDowall & Zayat (1952) that the contraction of isolated 
strips of cardiac muscle in a bath of Krebs’s solution is profoundly affected by 
the concentration of the sodium chloride of the solution, especially after anoxia 
and rapid stimulation. This was subsequently analysed by McDowall, Munro & 
Zayat (1955) and by Hercus, McDowall & Mendel (1955) who found that this 
could be explained partly by increases and decreases in the sodium content of 
the muscle, but not wholly so; and they suggested that the magnitude of the 
contraction of the muscle depended rather on the ease with which it could 
extrude sodium. The present investigation was carried out to see how far these 
results were applicable to smooth muscle. 


METHODS 


In most of the experiments the uterus of the guinea-pig was used because of the extensive litera- 
ture regarding its reactions, but a few experiments were carried out on the uterus of the rat. The 
uterus was suspended in the usual way in a bath of Krebs’s solution having the following composi- 
tion: NaCl 0-69, KCI 0-0354, CaCl, 0-0282, NaHCO, 0-21, KH,PO, 0-0162, MgSO, 0-029 g/100 ml., 
kept at 37° C and aerated with 5% CO, and 95% O,. When the sodium chloride of the solution 
was reduced @ corresponding amount of sucrose was added to maintain the osmotic pressure. The 
methud used for the determination of sodium has recently been described in this Journal by 
Hercus et al. (1955). 

For sodium and potassium estimations the following procedure was used. Muscles after removal 
from the bath were dried with blotting-paper, weighed in glass tubes, dried for 24 hr at 120°C, re- 
weighed after cooling in a desiccator (to obtain the total water content), and then dissolved in 1 ml. 
50% (v/v) nitric acid in a boiling water-bath. This solution was diluted appropriately with 
distilled water for estimation of sodium and potassium by flame photometry. 


RESULTS 
The responses of the normal uterus 
In acute experiments the concentration of the sodium chloride in the bath can 
be varied between 1 and 0-3% without there being any material changes in the 
response to small doses of histamine or acetylcholine. Over 1 % sodium chloride 


reduces the uterine contractions, as found by Dale (1913), but since this result 
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is also produced by increasing the osmotic pressure with sucrose it was con- 
cluded that it is probably an osmotic effect. A similar osmotic action in the rat 
diaphragm has been described by Liillmann & Muscholl (1954). 

If the uterus is immersed in normal Krebs’s solution for 3 hr the response to 
small doses of histamine is much reduced or may disappear altogether, pro- 
vided the preparation has not been stimulated during the period (Fig. 1). 


v 
i L 
H2ug LS 1 2 
Time, 1 min Hours 
Fig. 1 Fig. 2 


Fig. 1. Upper record: one horn of the uterus was soaked in Krebs’s solution for 2 hr and subse- 


quently at each H 2yug histamine was applied. The fluid in the bath was changed at W. 
Lower record: the other horn of the same uterus was similarly soaked; but at L.S., before the 
histamine was applied, the solution in the bath was reduced to a modified Krebs’s solution 
containing 0-3% NaCl and sucrose. The same doses of histamine were given at each H. 


Fig. 2. Uptake in normal Krebs’s solution con- 
_ taining 0-69% N 


Sometimes a very short-lived contraction is produced. If, however, successive 
doses of histamine are added to the bath, there is usually a rapid recovery of the 
sensitivity of the preparation to histamine even although it is washed between 
doses. Washing alone with normal Krebs’s solution does not have this effect. It 
can readily be shown, using the method of Hercus et al. (1955), that sodium has 
been taken up during the soaking (Fig. 2); but it cannot be shown that the 
magnitude of the response to histamine is proportional to the sodium content 
of the muscle, although preparations soaked in Krebs’s solution containing 
histamine contain less sodium than those soaked in Krebs’s solution only. 

If, on the other hand, the uterus is soaked in a modified Krebs’s solution in 
which the sodium chloride is reduced to 0-3%, the response to histamine is not 
affected; nor is it if, after soaking in normal Krebs’s solution, the sodium is 
reduced before the histamine is applied. : 
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The effect of anowia. Unlike cardiac muscle, uterine muscle is remarkably 
resistant to oxygen lack and it has not been possible to differentiate between 
the effect of anoxia and that of prolonged immersion in Krebs’s solution. 


The response of the tachyphylactic uterus 

If a uterus is rendered insensitive to a small dose of acetylcholine (4g) or 
histamine (2-5ug) by a large dose of either drug, the subsequent response to 
small doses of these drugs becomes very markedly affected by the concentra- 
tion of the sodium chloride in the bath. Thus, in a bath of normal Krebs’s 
solution containing 0°69 % NaCl a tachyphylactic uterus may be quite insensi- 
tive to a standard small dose of histamine, but it will contract normally in a 
bath containing 0-3°% NaCl, the osmotic pressure being maintained by sucrose. 
On returning to 0-69°, NaCl it is again insensitive to the same smal! dose 
(Fig. 3). 

1 2 


H — —Na+$ H 44g +Na 


att 
—Na+$ 


H 4 


Fig. 3. Response of the tachyphylactic uterus to histamine (H 4yug); - Na +8, introduction 
of 0-3% NaCl+sucrose; + Na, introduction of normal Krebs’s solution. 


It is of interest that Cantoni & Eastman (1946) found an increase of potas- 
sium in the bath to be as effective as low sodium in abolishing tachyphylaxis. 
We have confirmed this and find that the two effects supplement each other; 
that is to say that a less reduction of sodium is effective in the presence of a 
small additional amount of potassium. Chemical estimations fail to demon- 
strate that any additional sodium has been taken up during the exposure to 
histamine; indeed it is found that a muscle so exposed does not take up so 
much sodium as a muscle similarly soaked in normal Krebs’s solution. 

These responses of the tachyphylactic uterus may be repeated over and over 
again on the same preparation until it ceases to be tachyphylactic, usually 
after 1 or 2hr. The change over from the insensitive to the sensitive state 
occurs in 1 or 2 min. 
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The effect of temperature on the responses 
It was found by McDowall et al. (1955) that the depressant effects of rapid 
stimulation on the heart were increased by increase in temperature. On the 
uterus it was found that although it might be tachyphylactic to histamine at 
37° C, it was no longer so at 32° C (Fig. 4). Similarly, raising the temperature 
to 42° C so increased the tachyphylaxis that low sodium would no longer render 
the preparation sensitive. 


37° 32° 37° 37° 32° 


H Hing 200xg Hing W Hing 


Fig. 4. The response of the uterus to 2yg histamine at 37 and 32° C before and after exposure 
to 200g histamine. The fluid in the bath was changed at W. Note the return of the response 
at 32° but not at 37° C, 


_ The action of strophanthin 

It was pointed out by Clark (1913) and by Daly & Clark (1921) that a heart 
weakened by long perfusion benefited by perfusion with a solution containing 
low sodium, and they remarked that it appeared to act like strophanthin, the 
well-known cardiac tonic. McDowall & Zayat (1952) also observed that stro- 
phanthin, like a low sodium solution, enhanced the contractions of the heart 
strip. It is now found that strophanthin has a similar action on the tachyphy- 
lactic uterus and renders it sensitive again to small doses of histamine or 
acetylcholine (Fig. 5). This observation can readily be repeated. This anti- 
tachyphylactic action, like that of low sodium, is also absent at 42° C. When 
the strophanthin is washed out the tachyphylactic state returns. If, however, 
the histamine is placed in the bath before the strophanthin, the addition of the 
latter does not always cause a contraction. 


Twenty-five guinea-pigs were sensitized to egg albumin by peritoneal injec- 
tion and were tested as with histamine. When a first dose of antigen (5 mg 
crystalline egg albumin) was added to the bath the usual anaphylactic contrac- 
tion was produced. Normally, if at this stage the fluid in the bath is changed 
and a second dose of antigen is added, no further response is obtained. In our 
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experiments the normal Krebs’s solution was now changed to one of low 
sodium, and a third dose of antigen added to the bath. In twenty out of 
twenty-five experiments no further response was obtained but in five there was 
a further contraction (Fig. 6). This positive response is, however, to be con- 
sidered important because of the difficulty in obtaining any fixed degree of 


HSw W W H Sug 


Fig. 5. The response of the uterus to Sug histamine after and before 2g strophanthin (S). 
At each W the normal Krebe’s solution in the bath was changed. 


No 3 

Ant. Ant. Ant. 
Fig. 6. Showing the responses to a first, second and third dose of antigen (ant.); 
at —Na sodium was reduced to 0-54%. 
sensitivity and of adjusting the amount of the first dose. Thus, if the first dose 
used up all the available antibody, no result could be expected. On the other 
hand, if by the first dose the uterus is rendered tachyphylactic to substances 
released in the anaphylactic reaction, the low sodium might act as in the case 
of histamine. 
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DISCUSSION 


It hes hones shown that if the isolated guinea-pig uterus is satiate in Krebs’s 
solution it takes up sodium and its responses to submaximal doses of histamine 
are reduced. Since the responses cannot be shown to be directly related to the 
sodium uptake and rapidly return to normal if the sodium in the bath is 
reduced, it may be assumed that—as has been shown in relation to cardiac 
muscle (McDowall et al. 1955)—the depression is due primarily to a difficulty in 
extruding sodium. 

It has also been shown that tachyphylaxis is relieved by low sodium and 
returns in high sodium, but here also it has not been possible to demonstrate 
chemically that the insensitivity is associated with any sodium uptake. It is 
possible that the amount of sodium taken up at the specific receptors is so 
small that it cannot be detected chemically, but it may be that the large dose 
so damages the membranes of the specific receptors that they have simply 
become more permeable to sodium than normally, and as a result the receptors 
have difficulty in extruding sodium and have not sufficient energy essential for 
some part of the excitation process.. This would account for the very rapid 
effects of lowering the external sodium. Such an explanation has been put 
forward to explain a similar phenomenon in cardiac muscle (McDowall et al. 
1955). These results go to support the idea of there being special receptor areas 
which are specially concerned in the transmission of excitation somewhat like 
the end-plates of voluntary muscle; and in this connexion it may be recalled 
that Awad & McDowall (1952) have described a neuromuscular block in the 
rat diaphragm, which is produced by anoxia and relieved by low sodium. 

The effect of temperature indicates that the tachyphylaxis is more intense at - 


' 42° than at 32° C. This might be expected since higher temperature could cause 


increased movement of ions and so make it more difficult to extrude sodium 
against a gradient. It was observed by Hercus & Mendel (unpublished) that 
heat increased the uptake of sodium by cardiac muscle soaked in Krebs’s 
solution. 

The action of strophanibin’ is perhaps unexpected in view of the known 
effects of the cardiac glucosides in reducing the potassium uptake and sodium 
extrusion by red blood cells (Witt & Schatzmann, 1953; Joyce & Weatherall, 
1955; Glynn, 1955). On the other hand, the action of strophanthin and low 
sodium on the uterus is very like their action on the heart, and it may be sug- 
gested that somehow the strophanthin facilitates the extrusion of sodium; but 
it has not been possible to show, either on the heart or the uterus, that 


strophanthin affects the sodium content of normal tissue. Its diated may there- 
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SUMMARY 


It is shown that the isolated uterus soaked in Krebs’s solution or rendered 
sack aa by exposure to large doses of histamine or acetylcholine is very 
sensitive to changes in the sodium content of the bath at 37° C. 

2. Tachyphylaxis is abolished by low sodium but increased by high sodium. 
It is also abolished by reduced temperature, by potassium and by strophan- 
thin, but these effects are not present at 42° C. 

3. Since the reduction of the responses after soaking or in tachyphylaxis 
cannot be shown to be directly related to a sodium uptake yet are rapidly 
relieved by lowering the sodium in the bath, it is suggested that they are due 
to a difficulty in extruding sodium. 


A demonstration of the effects of low sodium on the tachyphylactic uterus was given to the 
Physiological Society in October 1953. We are grateful to Dr A. Fadl for confirming the observa- 
tion of the effects of soaking the uterus in Krebs’s solution. 
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AN INTRACELLULAR STUDY OF THE ACTION OF 
REPETITIVE NERVE VOLLEYS AND OF 
BOTULINUM TOXIN ON MINIATURE 
END-PLATE POTENTIALS 


By V. B. BROOKS* 


From the Department of Physiology, Australian National University, 
Canberra, Australia 


(Received 13 March 1956) 


In a previous communication (Brooks, 1954) it was suggested that type A 
botulinum toxin acts on motor nerve filaments, proximal to the site of release 
of acetylcholine (ACh). This conclusion was based mainly on two consistent 
findings: (1) no end-plate potentials (e.p.p.’s) were found on the surfaces of 
end-plate regions of whole muscles when neuromuscular transmission ceased, 
and (2) direct stimulation of blocked neuromuscular preparations released 
approximately the same amounts of ACh as did stimulation of the nerve trunk 
before toxin caused paralysis. However, one set of observations remained 
unexplained: it was noted that just after junctional transmission was blocked © 
with toxin, repetitive stimulation of the motor nerve re-established muscle 
responses to single volleys for several minutes (post-tetanic potentiation, 
P.T.P.). Since the time of that publication, neuromuscular facilitation has been 
shown to be accompanied by an increased probability of discharge of miniature 
end-plate potentials (del Castillo & Katz, 1954c) which is probably due tochanges 
in motor nerve terminals. Hence the possibility appeared that repetitive nerve 
volleys might also exert their effects equally far peripherally, as is indeed 
suggested by the work of Hutter (1952) and of Liley & North (1953) on partly 
curarized junctions. It was therefore thought of interest to examine the action 
of trains of nerve volleys, and of botulinum toxin, by means of intracellular 
electrodes. A preliminary account of some of the experiments has already 
appeared (Brooks, 1956). 


* Visiting Fellow, supported by a travel grant from the National Research Council of Canada. 
Present address: The Rockefeller Institute for Medical Research, New York 21. 
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METHODS 


All experiments were carried out with the guines-pig’s isolated serratus anterior muscle (Brooks, 
1951). The outer digitations of the muscle were pinned to strips of balsa wood set in a Perspex 
holder, giving a clear view of the central digitations from which all fascia had been removed. The 
nerve was mounted on platinum stimulating electrodes in a cup, fixed to the holder, and con- 
taining mineral oil (Fig. 1). Using transmitted light small nerve twigs could be easily seen amongst 
the muscle fibres with a dissecting microscope, indicating where end-plates would be found. 
Micro-electrodes penetrating muscle fibres within about 100 of these twigs nearly always recorded 
miniature end-plate potentials. In many cases it was found possible to keep the electrodes inside 
the musele fibres for hours during twitches and tetanic contractions by denervating all but two or 
three muscle fibres. 


Fig. 1. Diagram of the experimental gement, showing the nerve-muscle preparation mounted 
on the inset in the chamber. A, lid of water- bath; B, connecting leads to stimulating electrodes ; 
C, connecting lead to ground electrode; D, inflow duct to muscle chamber for solutions; 
E, balsa wood strip for pinning muscle; F, clamp to immobilize inset in chamber; G, tube 
from outflow duct for removal of solutions by suction; H, cup, containing mineral oil, in 
which nerve is mounted on stimulating electrodes; K, serratus anterior muscle. 


The muscle bath, containing the preparation on the Perspex holder, was irrigated with Ringer— 
Locke’s solution, made up to the following concentrations in mm: Nat, 149-7; K+, 5-0; Ca**, 2-0; 
Mg*+, 1-0; Cl-, 147-7; H,PO,-, 1-0; HCO,-, 12-0; glucose, 13-1. The fluid was equilibrated with 
95% O,, 5% CO, in a reservoir, from which 50-100 ml./hr were run into the muscle bath. The 
fluid was brought to controlled temperatures before entering through the bottom of the chamber, 
by leading it through several turns of PVC tubing immersed in a water-filled and heated Perspex 
box, in the lid of which the muscle chamber was mounted. The contents of the latter were main- 
tained at 15 ml., by removing fluid continuously from the edge of the meniscus by suction from 
an opening in one wall 2 mm above the fluid level. The arrangement is shown in Fig. 1. Muscles 
were equilibrated in Ringer—Locke’s solution for at least 1 hr before taking any readings. The toxin 
solution was introduced through the same inflow duct from another reservoir, permitting con- 
tinuous recording from single junctions without dislodging the micro-electrodes. 

The glass micro-electrodes had tips with outside diameters less than 1 y; they were filled with 
3 m-KCl, and had resistances from 5 to 25 MQ. The bath was grounded through a Ag-AgCl 
electrode. Resting membrane potentials were read on a direct-coupled meter after amplification, 
while fluctuating potentials were recorded on an oscilloscope with a capacity-coupled amplifier of 
suitable time-constants. Frequencies of miniature e.p.p.’s were measured by photographing suc- 
cessive sweeps of 100 msec duration on moving film, and averaging the number of potentials for 
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266 B. BROOKS 
continuous periods of 5-10 sec. The number of potentials counted for frequency and for amplitude 
(Tables 1 and 2) are not always the same in both cases because often potentials were visible at the 
edge of a frame without the peak amplitude showing fully. Furthermore, amplitudes of the total 
number of potentials during the height of the P.7.r. effect were not measured. In all intracellular 
records (Figs. 3, 5 and 6) upward deflexions signal positivity at the tip of the micro-electrode. 
The ACh used was obtained from Hoffman—LaRoche, the eserine from Merck and Co. Partly 
purified botulinum toxin (type A) was kindly provided by Dr E. J. Schantz of Frederick, Md., 
U.S.A. The powder (batch E.T.3), 1 mg of which contained from 10’ to 10° mouse LD50, was 
dissolved in Ringer—Locke’s solution before each experiment. The potency was determined 
periodically by mouse assay. Strengths of solutions are stated in the text as weight per volume, 


RESULTS 
Untreated muscles 

Records were taken from sixty neuromuscular junctions in nineteen different 
muscles, of which seventeen junctions were subjected to P.T.P. or to botulinum 
toxin, or, in some cases, to both. On first insertion membrane potentials 
usually ranged from 70 to 95 mV, but after a few twitches they always declined 
to smaller values. The mean membrane potential for the periods of active 
investigation for the entire group was 62-2 mV with a standard deviation 
(s.D.) of 14-9 mV, while equivalent values for the group of seventeen junctions 
were 55-1 + 3-7 mV. These low values reflect damage to the membranes caused 
by repeated twitches. 

Miniature e.p.p.’s occurred at frequencies of 1-34/sec i in different muscle 
fibres, with the majority between 2 and 10/sec. The effect of temperature on 
frequency was tested on two fibres by allowing the bath to cool gradually from 
38 to 30° C: the relation was approximately linear with a Q,, of 2:1. However, 
the frequency of potentials from any one fibre could not be predicted accurately 
from the bath temperature alone. Other variables, such as stretch of the pre- 
paration, probably contributed to the large scatter of values. Furthermore, 
the frequency recorded in normal fibres fluctuated a good deal during experi- 
ments, as is shown by the distribution of points about the line of mean value 
in Fig. 4. 

Average amplitudes of miniature e.p.p.’s varied between 0-5 and 1-5 mV in 
different fibres, probably depending in large measure on the security with 
which the micro-electrodes were implanted and also on the proximity of the 
tips to the junctions. No exact correlation was established between amplitudes 
and membrane potentials, but it was observed that damage to muscle fibres 
reduced amplitudes. On the whole the small miniature potentials experienced — 
less percentage loss in amplitude than the relatively large membrane potentials 
when changes occurred. This suggests that in many cases the variations of 
membrane potentials were due to changing ‘tip-potentials’, probably caused 
by partial blockage of the electrode orifice or by polarization of the glass, as dis- 
cussed by del Castillo & Katz (19555). Resting potentials amplified with direct- 
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coupled amplifiers would thus show this artifact, while it would not appear 
with transient potentials amplified with capacity-coupled amplifiers, The 
frequency of occurrence of potentials depended neither on levels of membrane 
potentials nor on amplitudes of the miniature potentials themselves. The fast 
rise time and slow decay of miniature potentials is illustrated in Fig. 5. As 
a tule, peak depolarization ecbuared in about | msec, and repolarization in 
about 4 msec. 

Repetitive nerve volleys. The average frequency of miniature end-plete 
potentials is increased slightly by single nerve volleys, and is greatly increased 
for several minutes by repetitive volleys. The time course of this pit.r. of 


Miniature e.p.p./sec 


ik 


8 10 12 14 
Time after stimulation (min) 


Fig. 2 | Fig. 3 

Fig. 2. Plots of frequencies (ordinate) of miniature e.p.p.’s of six normal fibres (each belonging to 
_ different muscles), before and after repetitive stimulation of their nerve trunks (hatched 
column). Time is marked on the abscissa in minutes. In all cases the nerve was stimulated 
supra-maximally for 30 sec at 278/sec, except for the curve marked © in which stimulation 
was carried on for 20 sec at 295/sec. In that test, and in the ones indicated by @, @, and A, 
the micro-electrodes had been withdrawn during stimulation, in the others they remained in 
the junctions throughout. Fluid temperatures during tests, and resting potentials before and 
after stimulation respectively were as follows: O, 31°C, 5540 mV; @, 33-5°, 80-55 mV; 

x, 35-8°, 53-37 mV; @, 36-6°, 60-44 mV; A, 36-6°, 71-75 mV; @, 37-1°, 75-65 mV. | 

Fig. 3. Sample records of miniature e.p.p.’s from a normal junction (indicated by x in Fig. 2) 
before and after stimulation of the nerve trunk for 30 sec at 278/sec. A, control, 5 min before 
stimulation; B, immediately after end of stimulation; C, 1-0 min; D, 4-0 min; E, 6-0 min ; 

F, 10-0 min. Amplitude marker: 1-0 mV; time markers: 10 msec. | 
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frequency for six fibres in Ringer-Locke’s solution is shown in Fig. 2. The drop 
of membrane potential after stimulation indicates the damage caused by 
contraction. However, it does not account for the increase in frequency, 
because this was of the same order of magnitude when the potential level 
increased (A) or decreased only slightly (™@). Shorter bursts of stimulation, 
and also stimulation at lower frequencies, produced less dramatic effects. The 
relationship between duration or frequency of stimulation and rate of dis- 
charge of miniature e.p.p. was not studied in detail. Fig. 3 shows sample records 
of miniature potentials from a junction (indicated by x in Fig. 2) before (A) 
and after stimulation (B—F). The values for this case are listed in Table 1. 


1, Frequencies and amplitudes of miniature end-plate potentials before and 


during P.T.P. (Junction x, Fig, 2, 35-8° C) 


membrane Mean Am 
tial mean +8.D. 

(min) (mV) (per sec) (mV) 
13-5 53 3-8 (36) 0-3740-11 (35) 
— 6-5 35 2-9 (17) 0-3740-08 (17) 
35 3-0 (10) 0-36+.0-09 (10) 
0 27 156-0 (790) 0-38 + 0-08 (76) 
+1 27 84-5 (507) 0-34+ 0-08 (51) 
+2 27 17-2 (108) 0-37 +0-08 (55) 
+3 27 8-1 (51) 0-34+0-10 (50) 
+4 27 81 (56) 0-35 +0-10 (54) 
+5 27 8-1 (47 0-35 + 0-08 (47) 
+6 27 73 ( 0-35 + 0-07 (28) 
+7 27 5-7 (20) 0-34+0-15 (20) 
+8 27 45 (15) 0-31 40-06 (12) 
+9 27 42 (15) 0-36+0-01 (15) 


+ 
— 


0-344.0-10 (15) 


Stimulation for 30sec at 278/sec from time -0-5 to 0 min. Numbers of potentials counted 
are given in parentheses. 


Analysis shows that there was no progressive change of amplitudes with time 
after stimulation. The reduced resting potentials were probably caused by 
“tip-potential’ (Table 1). The p.t.r. effect may be reproduced in the same 
fibre within a few minutes after the first bout of stimulation. An example of 
this is illustrated in Fig. 8 (A, B), where the two trains of stimuli were separated 
by 4 min. Slightly longer intervals were usually found necessary to obtain the 
full effect with the second train of volleys. 

Comparison of the sizes of e.p.p.’s and of spontaneous miniature potentials 
provides a basis for a rough estimate of the number of constituent miniature 
potentials in a nerve-induced e.p.p. The best measurements of maximal e.p.p.’s 
during the relative refractory period after a transmitted impulse yielded 
amplitudes of 52-54 mV, while action and resting potentials were 103 and 
65 mV respectively. The mean amplitude of miniature potentials in this 
experiment was 0-9 mV, suggesting a ratio of amplitudes of at least sixty 
miniature e.p.p.’s to one normal e.p.p. 
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Muscles treated with botulinum toxin 

Effect on mimature end-plate potentials. Previous information on the effects 
of botulinum toxin on ACh released by nerve volleys (Burgen, Dickens & 
Zatman, 1949; Brooks, 1954) suggested the possibility that spontaneous release 
during rest might also be depressed. Experiments were carried out to obtain 
an answer to this question. When muscles were bathed in solutions of botulinum 
toxin of sufficient strength to produce neuromuscular block, the frequency of 
spontaneous potentials was reduced until they finally ceased altogether. In 
the seven trials made, the decrease was found to begin from 20 to 50 min after 
toxin had been added to the fluid reservoir. During the period of decrement, 
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_ Fig. 4. Plots of the percentage changes of frequencies of miniature e.p.p.’s in three representative 


trials (ordinate) before and after immersion of the preparations in 3 x 10-* solution of 
botulinum toxin, time being marked in minutes on the abscissa. Application of toxin is called 
‘zero’ time, and is marked by vertical broken bar. Means of normal frequencies are called 
100%, which is indicated by horizontal broken bar. The means, and appropriate bath 
temperatures, were: ©, 12-2/sec, 36-6° C; x, 4-5/sec, 33-5° C; @, 2-1/sec, 37-0° C. 


which lasted from 5 to 40 min, frequencies declined smoothly. Plots of per- 
centage change of frequency against time for three representative experiments 
are reproduced in Fig. 4. Whereas the mean frequency of spontaneous potentials 
declined, mean amplitudes and time courses remained constant. The latter 
points are illustrated in sample records (Fig. 5), where miniature potentials 
are displayed on both slow and fast sweep speeds. The detailed values of that 
experiment are set out in Table 2, and are plotted (©) in Fig. 4. Analysis of 
the amplitude values proves that there is no progressive change during the 
action of botulinum toxin. 

Neuromuscular block occurred near the time of cessation of spontaneous 
potentials; the extreme ranges observed were 11 min before cessation, when 
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the frequency had decreased to less than 1/sec, and 14 min after cessation. 
However, in these trials the efficacy of nerve volleys was only tested every few 
minutes. | 
of toxin on end-plate potentisle. 
(Junction © in Fig. 4, and also Fig. 5, 36-5° C) | 


Time Temperature poten frequency mean + 8.D. 
(min) (CO) (mV) (per sec) (mV) 

-8 36-2 65 13-0 (82) 0-614049 (76) 
+1 36-5 75 11-7 (77) 1-0040-19 (69) 
+8 36-5 74 141 (97) 0-9540-18 (69) 
+15 36-5 74 11-6 (80) 0-9640-41 (76) 
+20 36-5 73 16-2 (114) 0-97 + 0-49 (122) 
+28 366 71. 12-7 (84) 0-9440-26 (76) 
+31 36-6 73 13-8 (83) 0-9240-22 (81) 
+39 36-6 73 5-4 (36) 0-8740-22 (36) 
+41 36-7 75 1-5 (17) 0-84+40-27 (17) 
+42 36-7 76 0-02 (1) 0-87 (1) 
+43 36-7 76 0 (0) 0 (0) 


Botulinum toxin introduced at time 0 min. Numbers of potentials counted are given in 
parentheses. 


Effect on action potentials. Action potentials were examined at intervals of 
several minutes throughout most experiments. In the majority of cases their 
amplitudes dropped owing to membrane damage, as described previously, but 
in one trial good implantation of the micro-electrode was achieved. The change 
of the action potential could be observed during the period of reduction of ACh 
release by botulinum toxin; the junctional action potential became converted 
into an e.p.p. which then decreased rapidly in size (Fig. 6). The plot of e.p.p. 
amplitude against frequency of miniature potentials, shown in Fig. 7, demon- 
strates two things: the relation between the two is approximately linear during 
most of the time of decrement, and the s.p. of amplitude increases greatly 
as transmission becomes increasingly uncertain during the’ final phase. 
Sample records of Fig. 6 correspond to points marked by filled-in circles in 
Fig. 7. 

P.T .P. after application of botulinum toxin. Since Brooks (1954) had shown 
that repetitive nerve volleys can re-establish neuromuscular conduction in 
junctions recently blocked with toxin, it was expected that the antagonistic 
actions of toxin and of P.t.P. would be reflected in the rate of discharge of 
miniature e.p.p.’s: This expectation was borne out by experimental test: P.T.P. 
was found to be effective in relieving neuromuscular block, i.e. in permitting 
a subsequent single volley to set up an action potential, as long as the 
frequencies of miniature e.p.p.’s were raised to about the normal rate at 
which transmission was still possible for single volleys in the normal junction. 
The graph in Fig. 8 illustrates the point. At A, 52 min after application of 
botulinum toxin, miniature discharges had been abolished for 1-5 min, at 
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which time the fibre responded with a twitch to single nerve volleys only once 
in three successive trials. A short burst of repetitive nerve stimulation 
increased the rate, so that between A and B it again responded to every single 
test volley. At B the rate had again dropped to 0-1/sec, and now transmission 
had stopped. Stimulation for 30 sec at 295/sec (B) produced a P.t.P. effect 
comparable to the normal ones shown in Fig. 2, and was accompanied by 
restored neuromuscular transmission (C). However, once the rate of miniature 
e.p.p. discharges had dropped below normal again, then at D, and at £, 
neither single shocks nor tetanic stimulation could restore neuromuscular 
transmission or discharge of miniature e.p.p.’s. Similarly, at F, G, H, and K. 
stimulation with single shocks, and for 30sec at 295, 595, and 820/sec 


Fig. 5 Fig. 6 


Fig. 5. Sample records of miniature e.p.p.’s before and during the action of botulinum toxin. 
A, 8 min before the addition of toxin; B and C, respectively, 20 and 41 min after immersion 
in 10~ solution of toxin. Amplitude marker: 1-0 mV; time markers: 10 msec in left column, 
and 1 msec in right column. Values are given in Table 2, and are plotted as © in Fig. 4. 


Fig. 6. Sample records of post-synaptic responses evoked from a neuromuscular junction by 
maximal nerve volleys at intervals of 2 sec. A, single control record 10 min before addition of 
toxin; B, fifteen superimposed records of e.p.p.’s 18 min after immersion of preparation in 
1-6 x 10-* solution of botulinum toxin. C and D, as in B, but 45 and 53 min respectively after 
toxin. Fluid temperature rose from 36-5° C at A to 36-8° C at D. Resting potentials were at 
A, 60 mV; B, 44 mV; C, 52 mV; D, 48 mV. Time markers: 1-0 msec; amplitude markers at A, 
50 mV; Band C, 10 mV; D, 1 mV. Same cell as marked @ in Fig. 2. ; 
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respectively, were ineffective. As had been found previously (Brooks, 1954), 
the muscle responded normally at that time to applied ACh. At L, 0-5 ml. of 
a solution of 10-5 ACh, dissolved in 10-° eserine, was added to the bath. The 
fibre twitched, but no pre-synaptic change occurred, as judged by the con- 
tinued absence of spontaneous miniature potentials. 

It might be expected that repetitive nerve volleys would succeed in 
generating e.p.p.’s after the p.t.P. effect for single test volleys had worn off, 
and that stimulation at faster rates would be more effective than at slower ones. 
Observations were made in three experiments at times when miniature e.p.p. 
discharge had ceased for several minutes. Small e.p.p.’s were found during 
repetitive stimulation, although single test volleys failed to set up any post- 
synaptic response. In the experiment in which the effect was followed for the 
longest. time, it was found that at 29 min after cessation of spontaneous 
potentials nerve stimulation at 150/sec yielded no effect, but stimulation at 
295/sec produced an e.p.p. of 0-2 mV. This was the amplitude of the smallest 


160 
150 
140 
130 
120 

2 140 

100 


P 


Miniature e 
SBesssssss 


Amplitude of e.p.p.'s (mV) 


=) 


Miniature e.p.p.'s/sec Time after toxin (min) 
Fig. 7 Fig. 8 


Fig. 7. Plots of amplitude of e.p.p.’s (ordinate) against frequency of miniature e.p.p.’s (abscissa) 
during the action of botulinum toxin. Same experiment as in Fig. 6, equivalent points marked 
here as @. The graph begins at the normal frequency. The standard deviations (s.p.) of 
amplitudes are marked as vertical bars about the points. At the right end of the graph they 
are displaced beside appropriate points and shown only in one direction to facilitate inspection. 


Fig. 8. Plots of the frequencies of miniature e.p.p.’s (ordinate) after immersion of preparation in 
3 x 10~* solution of botulinum toxin. Time is marked in minutes on abscissa, after immersion 
in toxin. Same experiment as shown by @ in Fig. 4. The normal mean frequency (2-1/sec) 
is indicated by horizontal broken bar. A (52 min): nerve stimulated for 20 sec at 295/sec, 
causing P.T.P. B (56 min): nerve stimulated for 30 sec at 295/sec, causing P.t.P. C (61 min): 
nerve stimulated with single shock, causing twitch. D (63 min): nerve stimulated with single 
shock, no twitch. Z (68 min): nerve stimulated for 30 sec at 295/sec, no effect. F (75 min): 
nerve stimulated with single shock, no effect. G (80 min): nerve stimulated for 30 sec at 
295/sec, no effect. H (81 min): nerve stimulated for 30 sec at 595/sec, no effect. K (82 min): 
nerve stimulated for 30 sec at 820/seo, no effect. L (85 min): added 0-5 ml. of 10-* solution 
of ACh in 10~-* eserine to bath, muscle fibrillated. 
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miniature potentials seen in that junction previously. The e.p.p. did not 
fractionate any further, but ceased abruptly. 


DISCUSSION 

The properties of spontaneous miniature e.p.p. normally occurring in the 
guinea-pig’s excised serratus muscle are very similar to those found in other 
mammalian preparations. Mean values for rates of discharge, amplitude, and 
time course agree with descriptions for the cat’s tenuissimus (Boyd & Martin, 
1955) and for the rat’s diaphragm (Liley, personal communication). Similarly, 
the ratio of amplitudes of miniature potentials and e.p.p.’s in the frog’s 
sartorius resemble those found subsequently in mammals. The amplitudes of 
the former also average around 1 mV, and their widely varying range of 
frequencies includes that described in the present work. However, as is to be 
expected for amphibian tissue between 20° and 30°C, their time course is 
5-10 times slower than that of mammalian tissue (Fatt & Katz, 1952). 


Post-tetanic potentiation 

Three detailed studies of P.T.P. in mammalian nerve-muscle preparations 
have appeared, dealing with two distinct phenomena. The original description 
by Brown & von Euler (1938) showed that the peak twitch tension of the cat’s 
tibialis anterior muscle increases after a conditioning train of nerve volleys. 
Since the potentiation could be equally well achieved by direct stimulation of 
denervated muscle, and also could be reproduced by intra-arterial injection of 
KCl, it was concluded that the pP.T.P. effect is post-synaptic in origin. On the 
other hand, the paper by Hutter (1952) reveals a different type of potentiation, 
also in the cat’s tibialis: during partial curarization repetitive nerve volleys 
increase twitch tension and size of e.p.p. produced by single test volleys. Since 
it was demonstrated that the sensitivity of end-plate regions remained normal 
to applied ACh, the effect is a pre-synaptic one. This ‘post-tetanic decurariza- 
tion’ was also described independently by Liley & North (1953), who used the 
rat’s diaphragm. They deduced, by mathematical analysis of their data, that 
the most likely underlying process is an increase of the fraction of ACh present 
in the nerve terminals which is released by a nerve volley. Feng (1941) had 
described very similar changes for the partially curarized toad’s sartorius 
preparation, Although P.1.P. of contraction involves post-synaptic events, the 
similarity of its time-course (Brown & von Euler, 1938, Fig. 3) to those of the 
effects observed by Hutter (1952, Fig. 2) Liley & North (1953, Fig. 2) 
makes it likely that the pre- and post-synaptic changes occur simultaneously in 
normal muscles. It is best, however, to distinguish between P.T.P. of contraction, 
on the one hand, and, on the other, p.t.P. of electrical potentials. The present 
results clearly fall within the second group. They also describe changes in the 

a — of —, = induced potentials, the time course of change 
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being similar to those just discussed (see Fig. 2). The increased frequency of 
miniature e.p.p.’s reflects augmented random leakage of ACh from nerve 
endings, and thus fits with the conclusions of Hutter (1952) and of Liley & 
North (1953). 

A few other procedures are known to increase the frequency of miniature 
potentials, also without affecting their amplitudes, as is the case with P.T.P. 
Increase of temperature or of osmotic pressure of the medium surrounding the 
preparation are examples (Fatt & Katz, 1952). Fatt & Katz (1952) also 
mentioned that stretching nerve fibres of the frog’s sartorius speeds up minia- 
ture discharge rate, which has recently been confirmed for partly curarized 
junctions by Hutter & Trautwein (1956). Since they did not observe initiation 
of e.p.p.’s after stretch, the facilitation cannot be caused by nerve volleys, but 
instead must be due to changes in nerve endings. 

Del Castillo & Katz (1954c, Fig. 5) reported that frequencies of miniature 
e.p.p.’s were increased by conditioning the preparation with nervestimulation at 
about 5/sec for several minutes. The effect on miniature potentials after the end 
of stimulation had a time-course very similar to the one found in the present 
experiments. The phenomenon was not accompanied, however, by neuro- 
muscular facilitation but instead by depression. This difference might be due 
to the long period of stimulation employed in del Castillo & Katz’s experiments, 
leading to decrease of ACh release. No data are available on changes of ACh 
release from neuromuscular junctions at various rates of stimulation, beyond 


the original description of failure of release from fatigued preparations, by — 


Dale, Feldberg & Vogt (1936). However, Perry (1953) showed that the release 
from the cat’s perfused superior cervical ganglion falls rapidly during the 
initial minutes of stimulation at 5/sec. This situation may apply possibly to the 
frog’s neuromuscular junction. Desensitization of the muscle fibres to ACh by 
previous excess release is ruled out in the experiments of del Castillo & Katz 
(1954c), because they did not observe any steady membrane depolarization, 
which has been shown by Thesleff (1955) to precede such desensitization. In 
any case, the frequency of miniature e.p.p.’s need not be correlated to the 
efficiency of neuromuscular transmission. This distinction was pointed out 
earlier by del Castillo & Katz (1954a) on the basis of dissociation of the two 
processes when neuromuscular preparations are exposed to an environment rich 
in Mg or low in Ca: occasional test e.p.p.’s fractionate into quanta of miniature 
e.p.p. size, while neither the frequency nor the amplitude of miniature e.p.p.’s 
are specifically affected. 

Again, high discharge rates of miniature e.p.p.’s were encountered during 
cathodal polarization of pre-synaptic nerve endings (del Castillo & Katz, 1954). 
The authors. state that the frequency effect is confined almost exclusively to 
the duration of polarization, which distinguishes this phenomenon from post- 
tetanic frequency potentiation. 
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All types of procedures increasing frequency appear to affect the nerve 
endings rather than nerve fibres. Arrival of successive nerve volleys can be 
included in this scheme, It has been shown in the present work that an 
increasing P.T.P. effect is obtained with graded nerve stimulation at frequencies 
higher than those that can be ‘passed’ by the neuromuscular junction, taking 
40/sec as the limit of one-to-one transmission (Brown & Burns, 1949). This may 
be connected with the demonstration of del Castillo & Katz (1954c) that the 
probability of neuromuscular transmission is raised after a conditioning volley, 
independently of the efficacy of that volley in setting up a post-synaptic 
response, i.e. having passed through the junction. No evidence is available 
to define the precise nature of the frequency-potentiating mechanism. The 
availability of Ca may be important, because in a medium rich in Mg and low 
in Ca repetitive stimulation of the nerve produces neither a p.T.P. effect on fre- 
quency of miniature potentials nor causes neuromuscular ‘fatigue’ (del Castillo 
& Katz, 1954c). The constant mean amplitudes of the spontaneous potentials 
during potentiation of frequency imply that the contents of the ‘packets’ of 
ACh released remains unchanged. The frequency may be raised by an increase 
of the number of ‘packets’ available in the endings, or by improved perme- 
ability of the pre-synaptic membrane to them, or by both. 


Botulinum toxin 

The re-activation of ACh release by repetitive direct excitation of nerve- 
muscle preparations blocked with botulinum toxin was described quanti- 
tatively by Brooks (1954). It was assumed that the nerve terminals were 
therefore still capable of conducting impulses, set up by direct excitation, 
which had ‘circumvented’ a more proximally located block. However, this 
view was made untenable by the observation of del Castillo & Katz (1954d) that 
after complete blockage of neuromuscular transmission by high Mg, even 
anodal polarization causes an outburst of miniature potentials. Externally 
applied cathodal or anodal currents can thus be as effective as nerve volleys. 
Furthermore, del Castillo & Katz (19555) have demonstrated continued ACh 
leakage from nerve endings made inexcitable by immersion of the preparation 
in K,SO,. Finally, del Castillo & Katz (1955a) argue convincingly that ACh 
must be released from the tips of nerve endings, close to the post-synaptic ACh 
receptors. They base that conclusion on the fast rise-times of all junctional 
potentials as contrasted with times of potentials produced by external applica- 
tion of ACh. Since botulinum toxin has been shown to abolish the spontaneous 
Miniature potentials, it most likely acts at the sites of ACh release—the tips of 
herve endings. 

The susceptibility of spontaneous release of ACh to botulinum toxin, in 
addition to the previously known one of nerve-induced release, affords another 
opportunity for comparison of the two processes. It was pointed out earlier 
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that neuromuscular block did not coincide exactly with cessation of spon- 
taneous ACh release, but that instead there was seen a variable time lag of the 
order of 10 min before or after abolition of miniature potential discharge. This 
again brings up the dissociation of frequency of miniature e.p.p.’s from the 
functional availability of ACh for neuromuscular transmission. The results 
with botulinum toxin suggest only a loose correlation; deviations from it are 


reflected in the time lag and in the increased scatter of e.p.p. amplitudes during — 


the final phase of conduction before block (Fig. 6D and Fig. 7). The effect of 
botulinum toxin on neuromuscular transmission resembles that of a medium 
low in Ca or high in Mg (del Castillo & Katz, 1954), but it is distinct from that 
and all other procedures affecting the pre-synaptic path in that it depresses 
spontaneous release as well. Consideration of the points discussed greatly 
strengthens the argument of del Castillo & Katz (1954d) that two different 
mechanisms operate in the two processes. P.T.P. may now be entered in their 
tabulation (1954d, Table 1) as increasing the ‘frequency of random activity’ 
as well as the ‘quantum content of the e.p.p.’, provided the latter is examined 
after previous depression by botulinum toxin or some other depressing agent; 
while botulinum toxin may be put down as depressing both properties. 


SUMMARY 

1. Some properties of miniature end-plate potentials in the guinea-pig’s 
isolated serratus anterior muscle are described. 

2. Repetitive stimulation of the nerve trunk causes a large increase of the 
frequency which decays over several minutes after cessation of stimulation, 
without changing the mean amplitude. The effect is called post-tetanic 
potentiation of frequency. 

3. Addition of botulinum toxin to the medium surrounding the preparation 
causes reduction of the frequency of miniature potentials without changing 
the mean amplitude. 

4. Post-tetanic potentiation can overcome recently established block due 
to botulinum toxin and at the same time the frequency of miniature potentials 
is restored to approximately normal values. 

5. It is concluded that the most likely site of action of botulinum toxin is at 
the tips of motor nerve terminals. 
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SODIUM AND POTASSIUM MOVEMENTS IN HUMAN 
RED CELLS 


By I. M. GLYNN 
From the Physiological Laboratory, University of Cambridge 
(Received 16 April 1956) 


Human red cells are generally believed to maintain their ionic composition by 
pumping potassium in and sodium out, using energy derived from glycolysis. 
In the present experiments “Na and “K have been used to study the move- 
ments of sodium and potassium across the red cell membrane under a variety 
of experimental conditions. The experiments fall into two groups. Those of the 
first group were designed to investigate the existence of a link between the 
active uptake of potassium and the active extrusion of sodium. Such a link 
is suggested by the complementary nature of the movements of potassium 
and sodium during incubation after cold-storage, and by observations on 
sodium movements at low external potassium concentrations (Harris & 
Maizels, 1951; Shaw, 1954). The aim of the experiments of the second group 
was to see whether the passive fluxes of sodium and potassium could be 
explained by free diffusion of the ions, in aqueous solution, through holes in 
the membrane. A preliminary account of this work has already been published 
(Glynn, 1954). 


METHODS 


Procedure. Human red cells were used in all experiments. The blood was usually freshly drawn 
but in a few experiments was stored at 5° C for up to 6 hr. Clotting was prevented by the addition 
of heparin (Pularin, Evans Medical Supplies) to give a concentration of 250,000 u./100 ml. Im- 
mediately before use the blood was centrifuged, and the plasma and buffy coat removed by 
suction; the cells were then washed twice in Ringer’s solution by alternate resuspension and 
spinning. White cells were almost completely eliminated (see Table 1) by removal of the topmost 
layer of cells, with the supernatant, after each wash. 

For influx experiments 20 ml. lots of the radioactive suspending media were placed in 50 ml. 
Erlenmeyer flasks and shaken in a water-bath until they had reached a steady temperature. At 
a known time a small volume, say | ml., of packed red cells prepared as above, was added to each 
of the flasks. Since the exact volume of cells did not matter it was possible to add the cells to 
twelve flasks within about 1 min. The flasks were shaken for a known time and the contents then 
transferred to 5 in. Pyrex test-tubes and centrifuged for 3 min. It took about 1 min to transfer 
the flask contents to tubes, and this was done in the same order as that in which blood was added 
to the flasks. Systematic errors due to inaccuracies in timing were avoided by staggering the test 
solutions. After spinning, the supernatants were sucked off and the cells washed three times in 
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Ringer's solution free from radioactive ions. The washed cells were then lysed, and the activities 
of the haemolysates determined. 

Two possible sources of error must be considered. The first concerns the adequacy of the 
washing procedure. If the volume of the trapped fluid was 0-5 ml. and the volume of washing 
fluid 10 ml., each wash led to a twentyfold dilution of external activity. The three washes there- 
fore reduced the activity of the trapped fluid by 8000. Even if the volume of trapped fluid was 
equal to the volume of the cells, the additional activity of the cell phase due to inadequate washing 
was only about 1/16,000 of the original activity of the outside solution. In all experiments this 
additional activity was lees than 1% of the activity in the cells. 


TaB_z 1, Estimate of white cell contamination 


Sample White cell count 
Pocked ged washed twice 12 

coun 
vol. plasma 


The second possible source of error is loss of radioactive material from the cells during washing. 
By centrifuging for only three minutes after each wash, it was possible to complete the washings 
in about half an hour. At room temperature cells lose about 0-2% of their potassium in this time, 
so for potassium this error may be neglected. If cell sodium is taken to be 10 m-mole/l., the ex- 
pected loss of sodium into Ringer’s solution at room temperature is about 3% in half an hour. For 
this reason ice-cold potassium-free Ringer’s solution was used as a washing fluid in sodium influx 
experiments, giving an estimated loss of a little under 1%. 

In the experiments designed to measure tracer efflux, cells were first incubated for several 
hours with a solution containing radioactive sodium or potassium, and were then washed five 
times with equal volumes of a non-radioactive Ringer’s solution. A small volume of cells, say 
about 1 ml., was added to each of the test solutions, previously warmed, and the suspensions 
were shaken in the water-bath. At the end of the period of incubation the flasks were well shaken 
and about two-thirds of the contents of each was transferred to a 5 in. Pyrex test-tube. After 
spinning for 3 min the supernatants were transferred to clean tubes and spun again to get rid of 
the few cells which, occasionally, were stirred up. The supernatants from the second spinning 
were put aside for determination of activity. The remainder of the contents of each flask was 
shaken thoroughly, and 1 ml. carefully removed with a tuberculin syringe and added to a known 
volume of water. From the colour of the solutions obtained in this way the quantity of red cells 
in the suspensions could be calculated. 

It is necessary to consider how much activity is likely to have been added in the fluid trapped 
between the cells, as this will have appeared in the supernatants. If the volume of trapped fluid 
was 10% of the cell volume, fivefold washing with equal volumes of wash fluid should have led 
to a 100,000-fold reduction in the activity of the trapped fluid. If no activity leaked out of the 
cells during washing, the amount of activity likely to have been added in the trapped fluid is 
a sinall fraction of 1% of the activity leaving the cells during the experiment. Much more serious 
than activity carried over from the original incubating solution is activity leaking from the cells 
in the interval of, perhaps, 10 min between the final wash and the start of the experiment. To 
minimize changes in the amount and activity of the cell sodium, sodium efflux was measured over 
periods of about 20 min, so that the 10 min interval is equal to about half the duration of the 
experiment. If the Q,, for sodium efflux is 2-2 (see p. 299), the expected loss before the experiment 
begins is about 10% of the loss during the experiment. In order to correct for this error, immediately 
after adding the cells to the flasks containing the test solutions, a sample of cells was added to 
a flask of cold Ringer’s solution which was then thoroughly stirred. Most of this suspension was 
at once centrifuged, and the rest was used to determine the quantity of cells present. From the 
calculated and a correction made. 
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Temperature control, Two thermostatically controlled water-baths were used; in each, the 
temperature did not vary by more than 0-1°C from time to time or from one part of the bath to 
another, The incubating solutions were always allowed to stand in the bath for 20 min before the 
start of the experiment; this time was ample for them to reach bath temperature. Since only 
small volumes of cells were added to large volumes of solution, it may be assumed that the cells 
reached bath temperature within a period of time negligibly short compared with the duration 
of the experiment. i 

Estimation of radioactive isotopes. A conventional skirted liquid counter (20th-Century 
Electronics, type M6 M), fitted with a drainage tube and constant level device, was employed. : 
To estimate the activity of cells, the cells were first lysed with about ten volumes of distilled 
water, and the haemolysatediluted till its activity was convenient fi ting. Theh lobin con 
tent (in arbitrary units) of the diluted haemolysate was subsequently determined by colorimetry. 
At the end of the experiment the activities per quantity of haemoglobin were converted into 
activities per volume of cells, using the optical density of a solution prepared by lysing a known | 
weight of cells with a known volume of water. The chief advantage of this method of estimating 
activity is that small changes in cell volume during the course of the experiment do not introduce 
errors. 

Counting errors. By counting at rates near 1000/min whenever possible, the background | 
correction was made small and the correction for paralysis negligible. (Paralysis time for the | 
scaler was 300 psec.) Unless the samples were very weak, counting was continued for a time long 
enough to include about 10,000 counts, so that the standard error of counting was usually j 
about 1%. 

Sodium and potassium estimations were made with an ‘EEL’ flame photometer. The samples | 
were diluted with distilled water to give concentrations within 20% of the standards. Measure- 
ments were generally made in quintuplicate, alternating standard and unknown, and results 
obtained in this way gave a mean with a standard error of between 1 and 2%. Cells were lysed, 
but not ashed, before analysis. 

Haemoglobin was estimated as oxyhaemoglobin by measuring the optical density with a Hilger b 
‘Spekker’ colorimeter using an Ilford narrow-band yellow-green filter. Solutions were diluted 
to give an optical density of less than 0-4. Under the conditions used, solutions were stable and 
obeyed Beer’s law. Preliminary investigation showed that results were reproducible to within 1%. 

Correction for haemolysis. Lysis was estimated by measuring the optical density of the suspension 
medium at the end of the experiment, and comparing it with a standard solution of lysed red cells. 
The standard solution was prepared by lysing a weighed qtlijtity of packed cells and making the 
solution up to a known volume. The density of the packed cells was assumed to be 1-09. In the 
sodium efflux experiments, a correction of 1 or 2% was made for sodium released by lysed cells; 
in potassium efflux experiments the correction was between 5 and 10%. Presumably there are 
always a few cells, leaky to sodium and potassium, which do not lose their haemoglobin, but there 
is no way of estimating the error produced by these cells. 

Cell packing and haematocrit determinations, The cells used for preparing standard haemoglobin 
solutions were centrifuged at 1500 g for 1 hr—a period long enough to give maximal packing with 
this force. Shohl & Hunter (1941), using Evans Blue to determine plasma volume, showed that 
4% of the total volume. 

The colle used for influx and effiux experiments were pecked for 10 min at 15009, The volume 
of trapped fluid is here about 10 or 12% of the cell volume. Since the cells were usually added to 
10-30 times their own volume of suspension medium, dilution of the medium by the trapped 
fluid may be neglected. Increase in the concentration of individual constituents of the suspension 
medium, due to their addition in the trapped fluid, was avoided by judicious selection of the final 
washing fluid. 

Haematocrite were determined by spinning for 10 min at 1500 g in tubes of the Wintrobe type. 
With haematocrits near 50%, results were reproducible to within 1%, but with suspensions 
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containing only 10% of cells the error was probably between 5 and 10%. Since the flux measure- 
ments did not depend on estimates of cell swelling or shrinking, haematocrits were measured in 
only a few of the experiments, to exclude large changes in cell volume. For this purpose the 
method was adequate. 

Preparation of the isotopes. The isotopes were supplied by the Atomic Energy Research 
Establishment, Harwell, and were prepared by methods worked out by Keynes (1954). “Na was 
supplied as irradiated sodium bicarbonate. The salt was dissolved in a slight excess of 2N-HCl, 
and the resulting solution dried at 100°C over solid NaOH. “K was supplied as irradiated 
potassium bicarbonate and prepared as described by Hodgkin & Keynes (1953). 

The amount of irradiation received by the cells during the experiments was usually less than 
2-5 r/hr with “Na, and less than 1-5 r/hr with “K. Sheppard & Beyl (1951), using potassium loss 
as an index of cell damage, found that doses of less than 1000 r did not appear to harm the cells. 

The suspending media. In most of the experiments the cells were suspended in media prepared 
by mixing calculated volumes of the following two solutions: 

(i) ‘Na Ringer’s’ solution—Na*, 151 mu; Mg**, 1 mu; Ca**, 2-2 mm; Cl’, 149 mm; phosphate, 
2-5 mm: pH, measured with a glass electrode, 7-3+0-1. 

(ii) ‘K Ringer’s’ solution—K*, 146mm; Na*, 4-7 mm; Mg**, 1 mm; Ca**, 2-2 mm; Cl”, 149 mm; 
phosphate, 2-5 mm: pH, measured with a glass electrode, 7-34 0-1. The ‘K Ringer’s’ solution was 
buffered with sodiwm phosphates so that the same stock buffer solution could be used to make up 
both ‘ Ringer’s’ solutions. 

In a few of the experiments some or all of the sodium in the suspending medium was replaced 
by choline. Solutions of choline chloride were prepared by dissolving the solid, supplied by 
Messrs Roche, in distilled water. They were always made up within 48 hr of being used, and were 
stored at 5° C. Glucose, when required, was added as a 20% solution to give a final concentration 
of 100 or 200 mg/100 ml. The 20% solution was always freshly prepared on the day of use. 

Washing solutions. For washing it was sometimes necessary to have balanced solutions free 
from sodium or potassium or both. The ‘Na Ringer’s’ solution, described above, provided a 
convenient potsasium-free solution. A sodium-free solution was prepared by making up the 
*K Ringer’s’ solution as described but with potassium phosphate buffer. When a fluid free from 
taining 151 mm choline, 1 mm-Mg**, 2-2 mm-Ca** and 154 mm-CI. 


_ RESULTS 
The active fluxes 

If the active efflux of sodium is linked to the active influx of potassium, 
a factor which affects one of these fluxes should also affect the other. Such 
an effect, if observed, would be evidence for the existence of a linkage, provided 
that the factor were one that was not, otherwise, likely to affect both of the 
fluxes. For example, both potassium influx and sodium efflux are known to 
depend on energy from glycolysis, so it is no evidence of linkage that they are 
both reduced by depriving the cells of glucose. On the other hand, if removal 
of potassium from the outside medium could be shown to abolish or reduce 
sodium efflux, this would be suggestive of a linkage; and if, as the outside 
potassium was removed, reduction in sodium efflux were found to parallel 
the falling off of potassium influx, the evidence would be much stronger. The 
first experiments were therefore designed to investigate the relationship 
between potassium influx and external potassium concentration. 


q 
4 
“4 
hy 


282 I, M. GLYNN 


Potassium influx 

Effect of external potassium concentration on potassium influc. Cells, washed 
with potassium-free Ringer’s solution, were added to a series of flasks con- 
taining glucose-Ringer’s solutions in which different amounts of sodium had 
been replaced with “K-labelled potassium. The flasks were incubated at 
37-5° C, and samples were removed from time to time over about 2-5 hr. 
After centrifuging, the cells were washed and analysed for “K. A graph of 
activity against time was drawn for each flask and from the me of these 
graphs the influx at each concentration was calculated. 


10 20 
[K,] m-mole/!. [K,] m-mole/!. 
Fig. 1 | Fig. 2 


Glucose concn. 100 mg/100 ml, 


Glucose concn. 100 mg/100 ml. 


The results of two experiments are given in Figs. 1 and 2. The first covers 
the range of potassium concentrations from 2 to 137 mm (sodium varying 
from 149 to 14 mm), and the second covers, rather more closely, the range 
from 0°39 to 20 mm (sodium varying from 150 to 131 mm). Four further 
experiments—one covering the whole range up to 140 mm-K, one devoted 
mainly to the linear part of the curve above 20 mm-K, and two restricted to 
the range below 10 mm-K—gave results in line with those shown, and will not 
be discussed further. 

The errors likely to have been introduced by the washing procedure have 
been considered in the section on Methods and are very small. Another 
possible source of error is increase in the external potassium concentration 
caused by leakage of potassium from the cells during the experiment. This 
error was made negligible, even at very low potassium concentrations, by the 
use of very dilute cell suspensions—about 5%. The potassium concentration 
in each suspension medium at the end of the experiment was determined by 
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flame photometry. The changes were not very great, and since the potassium 
leaking from the cells was practically inactive, while potassium influx at very 
low concentrations is almost proportional to the concentration, the increased 
influx must have been almost exactly offset by decreased specific activity in 
the medium. 

Fig. 1 shows that potassium influx increases rapidly with the external 
potassium concentration at very low concentrations, but levels off as the 
potassium concentration is increased. The curve never becomes horizontal 
but has a linear portion with an appreciable slope. Before the interpretation 
of this curve is discussed, it is necessary to compare these results with those 
of other workers, since although these findings are qualitatively very similar 
to those obtained by Shaw (1955) with horse cells, they are in contradiction 
to accepted ideas about human cells. 


It is usually said that with human cells potassium influx is independent of external potassium 
concentration over a range from 2 to 74 ma. This belief is based on the work of Raker, Taylor, 
Weller & Hastings (1950), Sheppard, Martin & Beyl (1951), and Solomon (1952). The finding of 
Raker et al. that potassium influx drops from 1-67 to 1-33 m-mole/1. cells/hr when the external con- 
centration is raised from 4 to 38-5 mm-K, and then rises to 1-58 when the potassium concentration 
is further increased to 7-44 mm, points to the existence of a large experimental error. Sheppard 
et al, measured influx at external potassium concentrations of 19-5, 31-0 and 57-0 mM, and obtained 
about the same value at the three concentrations. They state, however, that there is an 8% 
uncertainty in their figures. Solomon measured potassium influx at many different concentrations 
between 4-75 and 16-75 mm, and stated that influx was independent of concentration over this 
range; but his results show considerable scatter and in a later paper (Streeten & Solomon, 1954) 
he has fitted to them a curve of Langmuir or Michaelis type with a half saturation value of about 
2-1 mm. This curve is in good agreement with the present findings apart from the absence of a 
linear portion—not a serious discrepancy since the highest potassium concentration used by 
Solomon was 16-75 mm, and he justifies the approach to horizontal of his theoretical curves by 
quoting the results of Raker ef al. for 74-4 mm. Flynn & Maizels (1949) found that when cold- 
stored cells were incubated with glucose, the net uptake of potassium was greater with 25 mm-K 
outside than with 5 mm-K outside (although the results were complicated by changes in cell 
volume). Davidsen & Kjerulf-Jensen (1950) also report increased potassium influx at high 
external potassium concentrations. 


It is difficult to think of any single mechanism which would give an influx 
against concentration curve of the form of Fig. 1. The most likely hypothesis 
—originally suggested by Shaw (1955) to explain the results he obtained with 
horse cells—seems to be that the influx is made up of two parts. It is supposed 
that one part depends on a mechanism which becomes saturated at moderately 
high potassium concentrations, and the other on a mechanism which resembles 
free diffusion in that influx is proportional to concentration. Following the 
procedure of Shaw, the influx against concentration curve e has therefore been 
fitted to an equation of the form: 
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where m, is the potassium influx in m-mole/l. cells/hr; [K,] is the external 
potassium concentration; «, 8, and y, are constants. In the expression on the 
right-hand side, the first term represents the hyperbolic part of the curve, 
and the second the linear component. Without the linear component the 
equation is formally identical with the Michaelis equation of enzyme kinetics, 
and £ is analogous to the half-saturation or Michaelis constant. If the inter- 
pretation of the influx curve is correct, the two components of influx would 
have to be of a quite different nature, and one might expect that only one of 
these components would be driven by glycolysis. The dual nature of the 
influx could therefore be tested by depriving the cells of glucose and seeing 
whether the whole curve or only one component of it was changed. 

The effect of glucose on potassium influx. Red cells, prepared in the usual 
way, were washed five times with glucose-free Ringer’s solution. A volume of 
Ringer’s solution rather greater than the volume of cells was used each time, 


50 100 150 
[K.] m-mole/!. 


Fig. 3. Expt. no. L.M.G. 2. The effect of glucose on the potassium influx against [K,] curve. The 
continuous lines represent the equation 


For the upper curve a =2-12, 8 = 2-2, y=0-006; for the lower curve a =1-16, 8 =2-2, y =0-006. 


and, after mixing, the cells were allowed to stand for 2 min (losing glucose 
into the washing fluid) before centrifuging. Since the half-time for glucose 
exchange is about 25 sec (Wilbrandt, 1938) this procedure presumably removed 
most of the glucose from the cells; the final washings certainly gave very little 
reduction with Benedict’s solution. The washed cells were incubated for 5-8 hr 
in glucose-free Ringer’s solution, the solution being changed once during the 
incubation. The aim of this long incubation was to render the cells ‘energy- 
deficient’ by depleting any stores of available energy they might have 
possessed. The cells were washed twice with potassium-free Ringer’s solution, 
and small samples were then added to two series of flasks. Both series covered 
a range of potassium concentrations; one series contained 200 mg glucose per 


3 
iT 
| 
30 
ont. 
~ 
< 
2 
E 
10 
a{K,] 


ION FLUXES IN RED CELLS 285 


100 ml., while the other had none. At known intervals, samples of cells from 
each of the flasks were centrifuged, washed and analysed for activity. Influx 
was calculated from the activity-time curves. 

Fig. 3 shows the results of an experiment of this sort. It is obvious, from 
inspection, that glucose deprivation has no significant effect on the linear 
component of influx but reduces the Michaelis component by about 50%, 
(a= 2-12; «’=1-16) thus tending to confirm the dual nature of the influx. 
A further point that emerges is that, although the maximum size of the 
Michaelis component is reduced, the half saturation value, given by 8, remains 
about the same. 


80 
04 
: 50 100 150 
[K,] m-mole/|. [K,] m-mole/!. 
Fig. 4 Fig. 5 


Fig. 4. Expt. no. W.A.H. 3. The effect of glucose on potassium influx. A factor equal to »[K,] 
has been subtracted from the total influx at each external potassium concentration. The 
residual ‘non-linear flux’ has then been divided into [K,], and the quotient [K,]/‘non-linear 
flux’ plotted against [K.,]. The intersection of both curves with the [K,] axis at the same 
point demonstrates that £ is unchanged. 

Fig. 5. Expt. no, 1.M.G. 2. The effect of external potassium concn. on the extra potassium influx 
which occurs in the presence of glucose. The continuous line represents the equation 

(2+12-1-16)[K,,] 
2-2 +[K,] ; 

This point is brought out in Fig. 4 in which the results of another, similar, 
experiment are plotted in a different way. A factor equal to y [K,] has been 
subtracted from the total influx at each external potassium concentration. 
The residual ‘non-linear flux’ has then been divided into [K,], and the quotient 
(K,]/‘non-linear flux’ is shown plotted against [K,]. The linearity of the 
curves obtained in this way shows that a Michaelis equation does adequately 
describe this part of the influx, while the intersection of both curves with the 
[K,] axis at the same point demonstrates that £ is unchanged. 

There is, of course, no reason for believing that the glucose-depleted cells 
were completely ‘energy-deficient’ and one cannot, therefore, assume that the 
influx into these cells was entirely passive. But the additional influx in the 


q 
4 
| 
. 
a 
J 


286 I. M. GLYNN 


cells provided with glucose must have been caused by the glucose, since the 
cells were otherwise identical. The extra flux may therefore be taken to be 
entirely active even though it did not necessarily, or even probably, represent 
the whole of the active influx. The way in which the active influx depends on 
the external potassium concentration can be seen by plotting the extra flux 
against [K,], as has been done in Fig. 5. The points in Fig. 5 are derived 
directly from the experimental results given in Fig. 3 by finding the difference 
between cells with and without glucose at each concentration. The continuous 
line is obtained by plotting the difference between the theoretical curves for 
cells with and without glucose, i.e. 


af K,] ) 

Fig. 5 shows that the relation between active potassium influx and the external 
potassium concentration may be described by a Michaelis type curve with 
a half-saturation constant of about 2-2 mm-K. Fig. 4, from a different experi- 
ment, gives a half-saturation value of about 2-5 mm-K. Since the potassium 
influx seems to be half maximal at the same external potassium concentration 
whether or not glucose is present, further estimates of the half-saturation 
constant of the active component of potassium influx can be obtained from 


curves showing influx in the presence of glucose at different external potassium 
concentrations. The available estimates are collected in Table 2. 


_ Tasue 2. Estimates of the half-saturation constant (8) of the 
Michaelis component of potassium influx 


Expt. no. Type of expt. (mm) 
I.M.G, 2 + glucose 2:2 
W.A.H. 3 + glucose 2-5 
W.A.H. 1 + glucose 1-8 
R.N. 1 + glucose ce. 1-7 
D.M.C, 1 + glucose 2-0 


Sodvum efflux 


Effect of external potassium concentration on sodium efflux. The next step 
was to find the effect of the external potassium concentration on the outward 
flux of sodium. Cells were incubated for 3-4 hr with “Na-labelled glucose- 
Ringer’s solution, washed five times, and added to a range of flasks containing 
glucose-Ringer’s solutions with different potassium contents. After a period 
of incubation, the suspension media were removed from the cells and the 
activities of the media were measured. The second period of incubation was 
usually about 20 min, and was kept short to minimize changes in cell sodium 
content and specific activity. 

The combined results of four experiments are shown in Fig. 6, and the data 
from which the figure is constructed are given in Table 3. The line drawn 
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through the points in Fig. 6 has no theoretical basis and is simply drawn by 
eye. Before discussing the interpretation of these results it is necessary to 
consider their reliability. 


If the results are taken at their face value, and the internal sodium concentration is assumed to 
have been about 10 mm, then in 20 min the cells in the potassium-rich solutions must have lost 
about 10% of their “Na. Since efflux was calculated on the basis of the initial specific activity 


[K,] m-mole/I. 


ms Effect of external potassium concentration on sodium efflux. Glucose present. Combined 
data from the results shown in Table 3. @,R.B.K. 1: mean of four estimations; ©, R.E.T. 1, 
0, M.S. 1, O, R.D.K. 1: mean of three estimations. ©, the efflux at 4-9 mm-K outside has 
been set arbitrarily at 2-93 m-mole/1. cells/hr, and the fluxes at other values of [K,] have been 


scaled accordingly. 


TABLE 3. 


in the presence of glucose 
K free’ dasks 
fons Na efflux Duration *K free’ 
no, (mM (m-mole/I. cells/hr) (min) (mM) 
R.B.K. 1 0 2-01+0-02 
49 2-93 + 0-04 18 0-024+ 0-001 
48-7 3-06 + 0-05 
R.E.T. 1 0 1-97+0-03 
0-96 2-47 +0-02 
4-79 3-01+0-02 
MS, 1 0 1-68+0-01 
2-4 2-38 + 0-05 
19-5 2-58 + 0-07 
R.D.K. 1 0 2-07 
1-39 2-62 + 0-002 
2.88 2-96 +. 0-02 
5°75 3-134+0-04 


Each of the figures for sodium efflux and for final [K,] is the mean of three, except in Expt. 
R.B.K. 1, where the figures are the mean of four. The 8.£. of the means are given. 
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of the intracellular sodium, the figures for the sodium efflux at high potassium concentrations 
should be something like 5% higher. In the absence of external potassium the correction will be 
about 3 or 4%. With lower internal sodium concentrations the errors will be correspondingly 
greater. 

Another possible source of error is that, as will be shown later, sodium influx is increased at 
very low external potassium concentrations. The effect this will have had on the results depends 
on the way sodium efflux varies with the internal sodium concentration. This relationship is 
difficult to establish with any certainty, because there is no way of altering the sodium content 
and yet leaving the cells identical in every other respect. Harris & Maizels (1952) followed sodium 
efflux from cold-stored cells, and found that over successive periods of 6, 5 and 13 hr the quotient 
obtained by dividing the average efflux by the average sodium content remained the same. If 
their conclusion, that efflux is proportional to [Na,], is correct, then in the present experiments 
sodium influx will not have affected the results, since increased sodium content will have just 
offset decreased specific activity. 

A final source of uncertainty is Solomon’s slowly exchanging fraction. The figures for specific 
activity used in the present experiments were derived by dividing the total activity in the cells 
by the total cell sodium. If 17% of the cell sodium exchanges as slowly as Solomon (1952) 
suggests, this fraction will contain very little activity after incubation for only a few hours, and 
the activity figure will be too high by something like 20%. The whole curve should therefore be 
shifted down by about this amount. 


Despite all the uncertainties, the results shown in Fig. 6 indicate that 
removing potassium from the external medium reduces sodium efflux. If 
Fig. 6 is compared with the figure showing the effect of external potassium 
concentration on potassium influx, there is one striking difference. Even in 
the absence of external potassium there appears to be a considerable sodium 
efflux while there is and can be no potassium influx. Of course, the external 
potassium concentration, even in a 20 min experiment, is never quite zero, 
but the final potassium concentration in the suspension media from the 
initially potassium-free flasks was measured and found to be very small (see 
Table 3). The potassium influx at such low concentrations is nowhere near 
comparable with the sodium efflux. There seemed to be three ways of explaining 
the results. 

When cells are suspended in a potassium-free solution there is a continuous 
loss of potassium from the cells. Although the concentration of potassium 
in the bulk of the suspension medium remains low if the suspension is dilute, 
there is no way of knowing the effective potassium concentration at the surface 
of the cells. It seemed possible that the sodium efflux which remained when 
the external potassium concentration approached zero was the result of an 
exchange of sodium with potassium from the surface layer. A similar explana- 
tion has been put forward by Hodgkin & Keynes (1955a) to explain the 
residual sodium efflux found in nerves soaked in potassium-free solutions. 
However, the residual efflux is relatively greater in red cells, and these cells 
lack the neurilemma which in nerves provides the suggested barrier to 
potassium diffusion. 

The second possibility was that the active fluxes were only loosely linked, 
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so that abolition of potassium influx reduced, but did not completely eliminate, 
sodium efflux. 

The third possibility was that the active fluxes were tightly linked, and that 
the sodium efflux which occurred in the absence of potassium was not active. 
It proved possible to choose between these theories since the effects of glucose 
deprivation predicted by them are different. 

Effect of glucose on the sodium effiue against [K,] curve. Cells were washed 
repeatedly to deprive them of glucose, and were then incubated with *Na- 
labelled glucose-free Ringer’s solution for about 4 hr to load them with “Na. 


2 3 

[K,] m-mole/I. 

Fig. 7. Expt. no. T.V. 1. The effect of glucose on sodium efflux at different external 
potassium concentrations. Each point is the mean of three estimations. 


Tas. 4. The effect of glucose on sodium efflux at zero external potassium concentration 


Na efflux 
(m-mole/l. cells/hr) mM 
no, +G -G +G -G (min) 
T.V.1 2-2940-02 2324002 003340001 0-03010-003 22 
R.D.K. 1 2-07 +0-05 2134002 0029+0002 0037+0-001 24 
M.T.S-K. I 1-73 +0-08 1644009 008140004 23 


The figures for Expts. T.V. 1 and R.D.K. 1 are the means of three estimations. The figures for 
Expt. M.T.S-K. 1 are the means of two estimations. The s.8. of the means are given. 


The energy-deficient *Na-loaded cells were washed five times in potassium- 
free Ringer’s solution and added to two series of flasks. Each series covered 
the same range of potassium concentrations; one series contained 200 mg 
glucose/100 ml. Efflux was calculated from the activities of the suspension 
media at the end of a measured period of incubation. 

Fig. 7 shows the results of an experiment of this type. The range of potassium 
concentrations studied was restricted to 0-5 mm as this was sufficient to give 
the interesting part of the curve. The apparent difference in slope between the 
tising part of the curve in Fig. 6 and the upper curve in Fig. 7 is due to a change 
inscale. 
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The most striking thing about the results of this experiment is that glucose 
appears to have no effect on sodium efflux in the absence of potassium (see 
also Table 4). If the efflux of sodium into potassium-free solution were active 
but not linked to potassium influx, or active and linked to potassium influx 
from the surface layer, one would expect glucose to have some effect. The 
complete absence of any effect suggests very strongly, first, that this residual 
efflux is not active, and secondly, that the active efflux is tightly linked to 
potassium influx and is therefore absent when there is no potassium outside. 
A corollary of the second conclusion is that removal of glucose should greatly 
decrease the effect of external potassium on sodium efflux. Inspection of 
Fig. 7 shows that this is so. The extra sodium efflux produced by increasing 
the external potassium concentration from 0 to 5 mm is 75% abolished by 
removal of glucose. Since there is no reason to believe that the glucose-free 
cells are entirely the small residual effect of potassium is 
not surprising. 

An alternative way of plains these results is to suppose that glucose 
cannot enter the cells in the absence of potassium. This hypothesis can be 
rejected since several workers—see, for example, Klinghoffer (1935), Le Fevre 
(1948)—have measured glucose uptake from solutions containing only glucose 
and sodium chloride. 

For comparison with Fig. 5 it is interesting to derive the curve relating the 
active sodium efflux to external potassium concentration. The extra efflux 
produced by glucose has been calculated from the difference between the 
flasks with and without glucose, at each potassium concentration, and the 
quotient obtained by dividing this extra flux into [K,] has been plotted 
against [K,]—see Fig. 8. Fig. 9 shows the extra flux plotted against [K,]; the 
continuous line is the Michaelis curve with constants derived from the slope 
and negative intercept of the curve in Fig. 8. Considering the errors of the 
method and the fact that measurements were made at only four potassium 
concentrations, the half-saturation value of 1-8 agrees well enough with the 
figures obtained in experiments on potassium influx (see Table 2). The height 
of the curve depends to some extent on how deficient in energy the glucose- 
free cells were, and therefore gives only a minimum value for active sodium 
efflux. Nevertheless, the fact that removal of glucose decreases active potassium 
uptake and active sodium extrusion by roughly the same amount suggests 
that the linked system involves a one-to-one exchange of sodium for potassium. 

Effect of (K,] on sodium efflux; another method. The crux of the evidence for 
linkage of the active fluxes is the demonstration that sodium efflux is reduced 
in the absence of external potassium. The estimations of sodium efflux so far 
described were obtained by incubating cells previously loaded with tracer, 
and measuring the activity appearing in the suspension medium. This method 
is subject to uncertainty because, to calculate the specific activity of the 
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outgoing sodium, it is necessary to assume that the cells and suspension medium 
behave as a two-compartment system. Harris & Prankerd (1953), and also 
Solomon & Gold (1955), found that the loss of *Na from previously loaded 
cells could be described by a single rate constant. Gold & Solomon (1955), 
however, found that a small fraction of cell sodium failed to exchange in 
24 hr; and theoretical analysis of their influx curves, assuming that there 
were two homogeneous intracellular compartments, led them to suggest that 
about 17 % of the cell sodium exchanged with a very much lower rate constant. 


04 
02 
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Fig. 8 


Fig. 8. Expt. no. T.V, 1. The extra sodium efflux which occurs in the presence of glucose has been 
calculated from the differences between the flasks with and without glucose. a 


obtained by dividing the extra flux into [K,] is plotted against [K,). _ 
Fig. 9. Expt. no. T.V. 1. The effect of external potassium concn. on the extra sodium efflux which 


_0-8[K,] 


In the present experiments, the absolute value of the efflux is of less interest 
than its dependence on external conditions; and the existence of a small 
compartment of very slowly exchanging sodium will not matter unless the 
fraction of sodium in this compartment is altered by the change in the external 
conditions. Nevertheless, it seemed desirable to check the results by an 
independent method. Sodium efflux was therefore estimated from simultaneous 
measurements of net movements and of “Na influx. 

Red cells were washed. three times in potassium-free glucose-Ringer’s 
solution and divided into two lots. The first lot was incubated in a glucose- 
Ringer's solution labelled with **Na and containing 8 mm-K, and the second 
in a solution identical except that it lacked the potassium. At known times 
samples of cells were withdrawn from each flask, washed as quickly as possible 
—twice with an ice-cold Ringer’s solution containing choline instead of 

19-2 


ve 
ux 
he 
al 
to 
1e. 
ly 
of 
8 
ng y when 
by 
ee 5 6 
is 
q 
be 
re 
se 
he m-mole/I. 
ux Fig. 9 ; 
he 
he 
ad 
he | 
pe 
he 
m 
he 

im 
m 
sts 
m. 
ror 

ed 

lar 
er, ’ 
od 
he 


292 I.M.GLYNN 


sodium, and once with isotonic choline chloride—and then lysed. The haemo- 
lysates were analysed for activity and total sodium. Fig. 10 shows the results 
obtained. | 

From the initial slopes of the activity-time curves, the influx of sodium in 
the presence and absence of potassium can be calculated. By comparing 
these figures with the figures showing net sodium movements, an estimate of 
efflux is obtained which is independent of any assumptions regarding the state 
of internal sodium. The values for efflux ohtained in this way—2-5 m-mole/l. 
cells/hr in the absence of potassium and 3-5 m-mole/l. cells/hr with 8 mm of 
external potassium—are slightly higher than those obtained earlier by the 
direct method, but are of the same order of magnitude and show unequivocally 
the rise due to potassium. 


i i j 
0 3 120 150 180 120 150 
Minutes Minutes 


Fig. 10. Expt. no A.A.8. 1. Simultaneous measurements of *Na uptake and net Na movements. 
Cells stored at 2° C for 6 hr before use. O, K absent from suspension medium; @, 10 mau-K 
in suspension medium. A: net gain of Na in absence of K, 0-9 m-mole/l. cells/hr; net loss of 
Na in presence of K, 1-3 m-mole/l. cells/hr. B: continuous lines represent equation 


In absence of K: m,=3-4 m-mole/l. cells/hr, &=0-4 hr-; in presence of K: m,=2-2 m-mole/l. 
cells/hr, k =0-6 


Another estimate of the relative magnitudes of the sodium efflux with and 
without potassium can be obtained from the influx curves if it is assumed that 
efflux is proportional to the internal sodium concentration. This was roughly 
true in the experiment of Harris & Maizels (1952) referred to on page 288, 
although the conditions there were rather different in that the cell sodium 
was higher than in the present experiment and potassium was always present. 
However, if proportionality between sodium efflux and [Na,] is assumed, then 
the activity-time curves should be of the form 


activity (1 —e-*), 


me 
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where m, is the influx and k is proportional to efflux. The continuous lines in 
Fig. 10B are curves of this form fitted to the experimental points, and the 
ratio of the values of k for the two curves is a measure of the effect of potassium 
on sodium efflux. The value of 1-5 obtained for this ratio agrees well with the 
figure of 1-4 obtained by taking the ratio of the effluxes found by the more 


reliable method. 
The passive fluxes 

So far, potassium influx and sodium efflux have been considered. It has 
been shown that potassium influx consists of a small component, which is 
proportional to the external potassium concentration and which does not 
require glucose, and a larger component, which becomes saturated at about 
10 mu-K and which is much reduced in the absence of glucose. Sodium efflux 
has been divided into an active component, dependent on glucose and tightly 
linked to potassium influx, and a component which persists in the absence of 
potassium, and which is unaffected by glucose. It is now proposed to consider 
in turn the linear component of potassium influx, potassium efflux, the sodium 
efflux in the absence of external potassium, and sodium influx. 


The linear component of potassium influc . 

It seemed possible that the linear component of potassium influx was caused 
by free diffusion through a leak. Such a leak might be present in all the cells 
or in just a few, perhaps only those with slightly damaged membranes. If 
free diffusion were responsible, this component of influx should have a low 
temperature coefficient—equal to that for diffusion of potassium in solutions 
of the same ionic strength as Ringer’s solution, plus a small correction for the 
slight electrical potential barrier across the red-cell membrane. The tempera- 
ture coefficients of the linear and non-linear components of potassium influx 
were therefore determined, measurements being made of potassium influx 
at three different potassium concentrations at each of two temperatures. 
Temperatures of 29-0 and 37-7° C were chosen so as not to be too far from the 
physiological range. The procedure used was the same as in the potassium 
influx experiments already described. 

Fig. 11 shows the total potassium influx at each concentration and tem- 


perature. The curves are linear between 30 and 100 ma-K, and the slopes of 


the regression lines give the magnitude of the linear component of influx at 
each temperature. From the ratio of the slopes the apparent energy of 
activation and effective Q,, can be calculated. Similarly, the ratio of the 
intercepts of the regression lines on the vertical axis gives the apparent energy of 
activation and Q,, for the Michaelis component of the influx. The results, given 
in Table 5, are not particularly accurate, but the conclusions are clear enough. 

The Qj and apparent activation energy of the total potassium influx agree 
well with figures obtained by previous workers. Thus Raker ef al. (1950) give 
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a figure of 14,500 + 1300 cal/mole for the apparent energy of activation, while 
Sheppard & Martin (1950) found a value of 15,800 and Solomon (1952) of 
12,300 + 1300 cal/mole. What. is more remarkable is that the linear com- 
ponent has a temperature coefficient of about the same magnitude as the 
Michaelis component and very much higher than the Q,, for free diffusion. 
From data in the International Critical Tables, the Q,, for diffusion of potassium 
into a medium containing 100 mm, for the temperature range 28-38° C, should 
be 1-21, equivalent to an apparent activation energy of 3540 cal/mole. To this 
must be added a correction for the electrical potential. It is impossible to 
predict this precisely, but the contribution to the activation energy if each 
ion had to surmount the electrical barrier at a single step can be calculated. 
Unless. the potential has a maximum in the thickness of the membrane, it is 


000040 


[K,] m-mole/|. 


Fig. 11. Expt. no. R.H.A. 1. The effect of temperature on potassium influx. 


TaBLE 5. The effect of temperature on potassium influx at different external 
potassium concentrations; present 


Temp. Linear component 
(°C) mole/ 1. cells/ hr/mm-K ) (m- 
29-0 0-00308 + 0-00030 —1-5040-04 | 
37-7 0-00636 + 0-00040 2-88 + 0-09 
Free diffusion : 
from data in 
Linear Michaelis International 
component component Critical Tables 
2-3240-27 2-143.0-09 1-21 
15,600 + 2200 14,1004.890 3540 


Expt. no. R.H.A. 1, see also Fig. 11. 
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difficult to see how this calculated figure could be anything but a maximum 
value. If the ratio of Cl,/Cl; is taken to be 1-4 (Harris & Maizels, A908):tes 
potential given by the equation 

=> 


2F Cl, 
is 9-0 mV. This is equivalent to an energy barrier of height 208 cal/(mole of 
univalent cations), which is almost negligibly small. It follows that, unless 
a rise in temperature is assumed to increase the number of holes, the linear 
component of potassium influx cannot be explained by free diffusion in 
aqueous solution. 


Potassium efflux 

Potassium efflux is a downhill flux and the siniient way of explaining it 
would be to suppose that the membrane was slightly leaky. A simple leak 
would allow potassium to pass indifferently in the two directions, and the 
relation between inward and outward flux through the leak would depend 
only on the relative concentrations (more strictly activities) inside and outside, 
and on the electrical potential across the membrane. Where ions move inde- 
pendently under the influence of a concentration gradient and an electric 
field, Ussing (1950) has shown that 


Mo _ 
where m, and m, denote the inward and outward fluxes, f; and c,, and f, and c,, 
denote the activity coefficient and concentration of the ion under considera- 
tion on the two sides of the membrane, z is the valency of the ion, £ is the 
electrical potential, and R, T er F have their usual meanings. For red cells 


(Cl) 
E= 
and for a univalent ion whose activity coefficient is assumed to be the same 
on the two sides of the membrane Ussing’s equation becomes (Shaw, 1955) 


m, _% [Cl,] 
m, 
Since the chloride distribution ratio is about 0-71, and the concentration of 


potassium in the cell water about 150 mm, an efflux of magnitude m, through 
the leak should be accompanied by an influx via the same route of 


m-mole/l. cells/hr per mm-K in the external fluid. 


150 x 71 
The magnitude of potassium efflux into glucose-Ringer’s solution has been 
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from previously loaded cells, and by simultaneous measurements of potassium 
influx and net movements. The latter method makes no assumptions about 
the homogeneity of the intracellular potassium. The results are summarized in 
Table 6. If 1-6 m-mole/]. cells/hr is taken as an average figure and substituted 
into Ussing’s equation, the influx through the hypothetical leak works out as 
0-015 m-mole/l. cells/hr per mm-K in the external fluid. The only part of the 
potassium influx that behaves at all as though it were freely diffusing—dis- 
regarding for the moment the high Q,)—is the linear part. The magnitude of 


Tasiz 6. The magnitude of potassium efflux into glucose-Ringer’s solutions 


Keflux 
Expt. no. Technique (mM (m-mole/l. cells/hr) 
R.T. 1 Tracer loss 4-0 1-87+0-10 
L.G.B. 2 Tracer loss 24-0 1-32+0-04 
P.J.F. 1 Tracer loss 9-7 1-72+0-09 
L.G.B. 5 Net movements* 0-0-029 1-8340-10 
L.M.G. 5 Net movements* 0-0-186 1-39 +0-06 
R.N. 16 Tracer influx + net 49 1-66 40-17 
movements 


* In experiments L.G.B. 5 and 1.M.G. 5 small corrections for influx have been made. Influx 
was estimated from curves of K influx against external K concentration. 


Tas_E 7. The magnitude of the linear component of potassium influx 


Expt. Linear com t of K influx 
no. (m-mole/l anole (K,1.) 
LM.G. 2 
RN. la 0-0070 10% 
1,M.G., 6 0-0075 
A.AS, 2 0-0035 


this in each of the experiments in which it has been determined is given in 
Table 7. Clearly these values are much smaller than the predicted influx, and 
the idea of a simple leak as the sole cause of potassium efflux must be regarded 
as untenable. This seems to represent a difference between horse and human 
cells, since in horse cells Shaw (1955) found good agreement between the 
observed efflux and that calculated from the linear component of influx on 
the assumption that Ussing’s relationship held. 

As potassium efflux in human cells did not appear to be entirely the result 
of straightforward diffusion through a leak, it seemed worth while to investi- 
gate the relationships between influx and efflux by measuring efflux into 
different external potassium concentrations, Preliminary experiments showed 
that the loss of “K from cells previously loaded occurred at a practically 
uniform rate for about 1} hr. Efflux was therefore measured by incubating 
“*K-loaded cells for an hour with the test solutions and determining the initial 
and final activities of the solutions. A correction, usually of between 5 and 
10%, was necessary to allow for haemolysis. In the flasks containing potassium, 
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: influx of “K could be neglected because the “K emerging from the cells was 


diluted with a relatively very large amount of *K outside. In the flasks with 
zero [(K,] the efflux m, was calculated by assuming 


where [*K,] is the concentration a potassium tiedionslive =total) in the 
external fluid, v, and v, are respectively the volumes of the cell and fluid 
compartments, and & is the slope of the initial part of the potassium influx 
curve which was taken as 0-85 m-mole/l, cells/hr. per mm-K in the outside 


"Integrating 

Kye] 
containing between 0 and 146 ma-K are given in Table 8. Although there is 
considerable scatter in the results, it is possible to draw two conclusions. 


TaBLE 8. The effect of external potassium concentration on potassium efflux 


into glucose-Ringer’s solutions 
Expt. no. L.G.B. 2 
(mM) (m-mole/l, cells/hr) 
0-0-33 1-10+0-02 
2-0 1-26 + 0-05 
24-0 1-32+0-04 
73-0 1-26 +0-04 
146-0 1-20+0-03 


Each figure in the last column is the mean of three estimations + 8.8. of the mean. | 


(i) The absence of any great fall in potassium efflux as [K,] is raised excludes 
the possibility of a mechanism, such as Hodgkin & Keynes have suggested for 
squid nerve, in which ions are constrained to move through the membrane in 
single file along a narrow channel or a series of sites. (ii) At external potassium 
concentrations of just over 100 mm the electrochemical potential of potassium 
on the two sides of the membrane should be about the same since 


[Cl] 

(Kj 
Yet at this external potassium concentration, potassium efflux is about double 
the linear component of potassium influx. It follows, therefore, that the whole 
of potassium efflux and the linear potassium influx cannot occur through 
& single inactive permeability channel. If about one-half of the efflux were by 
some other route, however, the remaining part of the efflux and the linear 
influx might occur by simple diffusion through a channel, although, to account 
for the high Q,o; it would be necessary to suppose that a certain energy was 
required for a potassium ion to enter. 


" 
eS 
4 
a 
i 
> 


298 I, M: GLYNN 


Sodium efflux in the absence of eaternal potassium 

The sodium efflux which continues in the absence of external potassium 
accounts for between one-half and two-thirds of the total sodium efflux. The 
sodium efflux into potassium-free solution is unlikely to be active, since it is 
not affected by glucose deprivation, but the question can be tested by seeing 
whether cells can show a net loss of sodium into a solution free from potassium 
and rich in sodium. Cells incubated with a potassium-free glucose-Ringer’s 
solution certainly show a gain in sodium (see Fig. 10), but here the disparity 
between intra- and extracellular sodium concentrations is very great. A more 
stringent test can be arranged by putting the cells in a solution with a sodium 
concentration greater than that within the cells but much smaller than that 
in standard Ringer’s solution. The solution must be isotonic, and, to avoid 
changing the potential across the cell membrane, should contain the same 
concentration of chloride ions as does Ringer’s solution. A suitable solution 
was obtained by preparing a Ringer’s solution in which all but 21 mm-NaCl 
was replaced by choline chloride, and from which potassium was omitted. 
Fig. 12 shows the changes in sodium content of glucose-depleted cells incubated 
in such a solution. Glucose-depleted cells were used, in spite of the demon- 
strated lack of action of glucose in the absence of potassium, in an attempt to 
reduce the effect of potassium leaking from the cells. This leakage was 
sufficient to raise the external potassium concentration to 0-6 mm during the 
course of the experiment. The failure of the cells to show any significant sodium 
loss, even with the external sodium concentration only 2 mm greater than the 
concentration in the cell water, indicates that no active efflux was occurring. 
It is just possible that the absence of active efflux was caused by the presence 


of choline, but the rapid loss of sodium from cells provided with potassium 


and glucose (Fig. 12, lower curve) makes this extremely unlikely. 

If the sodium efflux in the absence of potassium and glucose is not active, 
the next question to be decided is whether it might be the result of a simple 
leak. With an internal sodium concentration of 15 m-mole/l. cell water, and 
an external concentration of 146 m-mole/l., Ussing’s equation predicts that 
an efflux of 1 m-mole/l. cells/hr would be accompanied by an influx of about 
14 m-mole/I. cells/hr. This is about five times greater than the observed influx; 
hence the idea of a simple leak must be rejected. 

If efflux is passive and yet Ussing’s equation predicts the wrong value fos 
influx, the condition of independence assumed in deriving Ussing’s equation 
must be unsatisfied; in other words, the chance that any individual ion will 
cross the membrane does depend on the presence of other ions of the same 
species. The experimental data suggest that there is some interaction between 
influx and efflux. In the experiment illustrated by Fig. 12, net sodium move- 
ment in the absence of potassium and glucose, and with 21 mm-Na outside 
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was practically zero. It will be shown in the next section that sodium influx 
under similar conditions is about 0-5 m-mole/I. cells/hr, so that the efflux must 
have been of roughly this magnitude. With 151 mm-Na outside, sodium efflux 
in the absence of external potassium is about 2 m-mole/l. cells/hr as deter- 
mined either directly or from simultaneous measurements of influx and net 
movements. Taken together, these results show that reduction in external 
sodium from 151 to 21 mm leads to something like a fourfold reduction in 
sodium influx. This type of interaction, together with the fact that the ratio 


14 


Na content (m-mole/I. cells) 
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‘Fig. 12. Expt. no, M.C.L. 1. Net movement of sodium between cells and a solution containing 
21 mm-Na. ©, Glucose absent, [K,] 0 at start and 0-6 mm at end of experiment; 
®, glucose 180 mg/100 ml., [K,] 12 mm. Each point is the mean of three estimations. 


Tasxe 9. Effect of temperature on the K-linked and K-independent 


components of sodium efflux 
Na efflux 
(m-mole/l. cells/hr) 
Temperature 

C) [K,)=0-0-031 mm [K,]=7-7 mu 

29-9 1-02 +. 0-02 2-13+0-03 

37-7 1-85+0-01 3-92 +0-02 

Apparent 

Flux (cal/mole) 
Total 15,000 + 400 2-2440-03 
K-linked 14,500 + 800 2-18 +0-07 
K-independent 15,300 + 600 2-28 + 0-05 


Experiment no. 8.0.0. 1. Duration 20 min; glucose, 100 mg/100 ml. 
Each figure for sodium efflux is the mean of three estimations + the s.x. of the mean. 
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of the fluxes is much less than the ratio of concentrations, is suggestive of the 
type of mechanism described by Ussing under the name of ‘exchange diffusion’. 

Temperature coefficients. The temperature coefficients of the potassium- 
linked and potassium-independent sodium efflux were found by measuring 
the sodium efflux from “Na-loaded cells at two different temperatures in the 
presence and absence of potassium (see Table 9). The figure of 15,000 + 400 cal/ 
mole for the apparent energy of activation of the total sodium efflux agrees 
well with Solomon’s (1952) figure of 14,900 + 3400 cal/mole. For the potassium- 
linked and potassium-independent fluxes the apparent activation energies 
work out as 14,500 + 800 and 15,300 + 600 cal/mole respectively. These values 
are not significantly different but the agreement may well be fortuitous. 
Sodium influx 

Although a downhill flux, sodium influx cannot be due to a simple leak since 
it does not vary linearly with the external sodium concentration (Solomon, 
1952), it has a high temperature coefficient (Solomon, 1952), and it appears 
to be connected with sodium efflux—see previous section. Solomon measured 
sodium influx over a range of concentrations from 40 to 180 mm, keeping 


Fig. 13. Expt. no. D.T. 1. The effect of external sodium concentration on sodium influx. 
Potassium replacing sodium. Each point is the mean of two determinations. 


the concentration of the other cations constant at about half their normal 
values and maintaining the isotonicity of the solution with di- or tri- 
saccharides. This method has the disadvantage that the chloride concentration 
differs in the different test solutions, and so the membrane potential and 
the internal pH will vary from one solution to another. Fig. 13 gives the 
results of an experiment designed to avoid these difficulties. Washed cells were 
incubated in solutions containing complementary amounts of sodium and 
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potassium with fixed, roughly normal, amounts of chloride, calcium, mag- 
nesium and phosphate. The sodium was labelled with *Na and the entry of 
activity into the cells over a 20 min period was measured. The gradual rise in 
influx over the first three-quarters of the curve is presumably due to the 
increasing sodium concentration, but the abrupt rise at the end accompanies 
a change in sodium concentration of only a few per cent, while the potassium 
concentration falls from about 20 mm to zero. This suggests that removal of 
potassium from the solution increases sodium influx, a finding in agreement 
with the results of Shaw (1954) on horse cells, although in contradiction to 
a result of Harris & Maizels (1951) on human cells. 


Tasie 10. The effect of [Na,] and [K,} on sodium influx 


Uptake of Na 
(m-mole/1. cells/hr) 
(mM) K absent [K,]=10 mm 
5 0-143 + 0-003 0-153 + 0-002 
10 0-257 + 0-003 0-297 + 0-007 
20 0-485 + 0-005 0-459 + 0-005 
60 1-34 40-02 1-14 40-02 
120 2-41 1-85 +0-01 


Expt. no, M.W. 1. Choline replacing sodium; duration 22 min; glucose, 100 mg/100 ml. 
Each figure for sodium uptake is the mean of two estimations +s.z. of the mean. 


In order to test this point further, and also to determine the effect of sodium 
concentration on sodium influx without the complicating effects of potassium, 
cells were incubated in two series of flasks, each covering a range of sodium 
concentrations, one series being K-free and the other containing 10 mm-K. 
Choline chloride was used to maintain isotonicity, and the concentrations of 
calcium, magnesium, chloride and phosphate were fixed and normal. The 
results are given in Table 10. Removal of potassium from the outside solution 
clearly increases sodium influx, and the extra flux increases with increasing 
sodium concentration, although the results are not accurate enough to deter- 
mine the form of this relationship. 

One way of explaining these results is to suppose that the extra sodium 
which enters in the absence of potassium is carried in on the potassium 
carriers. On this theory one might expect the extra sodium influx to be 
glucose sensitive, and a demonstration of this would be evidence for the 
theory. On the other hand, insensitivity to glucose would not disprove the 
theory since one could postulate that the potassium carriers were only 
‘pumped’ when they were carrying potassium. Table 11 gives the results of 
an experiment to measure the flux of sodium into cells depleted of glucose and 
incubated in Ringer’s solutions with and without glucose and with and without 
potassium. Glucose appeared to have no effect whether potassium was 
present or not. 
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Tass ll, The effect of glucose on sodium influx in the presence and 


absence of external potassium 
Na influx 
(m-mole/1. ceils /hr) 
(K,] Glucose 
(mm) Glucose absent 200 mg/100 ml. 
2-84+4 0-03 2764003 . 
10 1-86 + 0-02 1-824 0-02 


Expt. no. R.H. 1, Duration 20 min. 
Each figure for sodium influx is the mean of three estimations + 5.x. of the mean. 


DISCUSSION 


The main conclusions from the experiments that have been described may be 
summarized with the help of a diagram—see Fig. 14. . 
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Fig. 14. Sodium and potassium fluxes in the human red cell. 


The curved arrows connected by a circle represent the active fluxes. They 
appear to be tightly linked, since progressive lowering of the external potassium 
concentration leads to parallel decline in active potassium uptake and active 
sodium extrusion until, with no potassium outside, both active fluxes are 
abolished. The fact that removal of glucose leads to a decrease of roughly the 
same magnitude in potassium influx and in sodium efflux suggests that the 
linkage involves.a one-to-one exchange of sodium for potassium. | 

The passive fluxes, represented in the diagram by straight arrows, occur in 
both directions but are predominantly outwards for potassium and inwards 
for sodium. They cannot be explained entirely by free diffusion through holes 
in the membrane, but depend partly on mechanisms in which the chance of 
penetration by any individual ion is affected by the presence of other ions of 
the same species. For sodium there is evidence suggestive of interaction, of 
the ‘exchange diffusion’ type, between efflux and influx. 

Maizels (1954) has pointed out that an apparent linkage between sodium 
and potassium transport would exist if the cell were merely able to hold its 
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crystalloid osmotic pressure constant, since ‘the osmotic and electrical require- 
ments of cells and plasma are such that sodium and potassium in the cell phase 
and also in the plasma phase are necessarily complementary’. The effect of 
external potassium concentration on sodium efflux in the present experiments 
cannot be explained on this basis, since the experiments were of such short 
duration that the internal potassium concentration did not change significantly. 
The maintenance of a roughly constant crystalloid osmotic pressure under 
conditions in which the sodium content and potassium content vary widely 
would appear to be the consequence, rather than the cause, of the cell’s 
ability to exchange sodium ions for potassium ions in a one-to-one ratio. 

Harris (1954) has argued that the link between the active fluxes must 
involve a two-to-one exchange of sodium for potassium. He assumes that the 
entire sodium influx and potassium efflux occur through leaks, and, by applying 
the Ussing relationship, calculates the sodium efflux and potassium influx that 
would occur through these leaks. He subtracts these calculated fluxes from 
the figures for the total uphill fluxes, and what is left he calls active. The 
‘active’ flux of sodium derived in this way is roughly twice that of potassium. 
The results described in the present paper show that it is not permissible to 
apply Ussing’s relationship in this way. 

It is interesting to compare the pattern of fluxes found in red cells with 
those found in other tissues. A link between active sodium extrusion and 
potassium influx has been demonstrated in frog muscle and in cephalopod 
nerves. Thus Steinbach (1940, 1952) showed that when frog muscles are soaked 
in potassium-free Ringer’s solution they gain sodium and lose potassium, 
and that if they are subsequently transferred to a potassium-rich medium 
they are able to expel some of their internal sodium. Keynes (1954), working 
with tracers, found that sodium efflux from frog muscles was reduced in 
potassium-free Ringer’s solution, but was increased if the potassium level 
was raised above normal. Similar effects have been described in Sepia nerves 
by Hodgkin & Keynes (1955a). It is possible that the widespread occurrence 
of a higher K:Na ratio in intracellular than in extracellular fluid reflects the 
widespread existence of an active sodium—potassium exchange mechanism, 
but this is not necessarily so. Certainly active movements of sodium and 
potassium are not always linked. In frog skin, Koefoed Johnsen (unpublished 
work, quoted by Ussing, 1955) has shown that absence of potassium ions 
brings about a very marked reduction of sodium transport, but the mechanism 
does not transport potassium measurably. Scott & Hayward (1954) have 
evidence that in Ulva lactuca the active influx of potassium and extrusion of 
sodium occur by separate mechanisms, since it is possible to inhibit the fluxes 
independently. Dobson (1955) has shown that in the cells lining the rumen 
sodium uptake is active and accompanied by passive uptake of chloride. 
Kidney tubules seem to be able to transport sodium and potassium 
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independently, and the isolated gill of Zreiocheir pumps sodium and potassium 
indiscriminately, according to Koch (1954). 

Interaction between the passive movements of individual ions of a single 
species is also found in cells other than red cells. Such interaction is indicated 
by a discrepancy between the observed flux ratio and that predicted from the 
Ussing relationship. The discrepancy may be in the direction described for the 
passive sodium and potassium fluxes of the human red cell, where the flux 
ratio is closer to unity than the ratio of activities, or it may be in the opposite 
direction. More formally: 


m, 
—1| 


where m, and m, are the inward and outward fluxes, C, and C; are the external 
and internal concentrations, z is the valency, and the other symbols have 
their usual meanings. It is assumed that the activity coefficient of the ion is 
the same on the two sides of the membrane. 

Behaviour of the former type was first described by Levi & Ussing (1948) 
as a result of their investigations of sodium fluxes in frog muscle, although 
later work (Keynes, 1954) has suggested that the fluxes they were considering 
were not wholly passive. Clearer examples of this type of interaction are 
provided by the work of Mitchell (1954) on phosphate movements in Micro- 
cocous pyogenes, and of Croghan (1955) on sodium movements in the brine 
shrimp Artemia. A flux ratio greater than that predicted from the Ussing 
relationship has so far been described only in Sepia axons poisoned with 
dinitrophenol (Hodgkin & Keynes, 19555). 

It is usually possible to decide whether a given flux is caphill or ‘downhill’, 
active or passive, ‘independent’ or ‘non-independent’ on fairly good evidence. 
A discussion of the mechanism responsible must remain almost entirely specula- 
tive. The specificity of ion transport makes it seem extremely likely that 
formation of a complex between the transported ion and some cell constituent is 
commonly involved. It has been stated (Ussing, 1949) that for net transport to 
be brought about it is necessary that the formation and splitting of the complex 


be spatially separated. This is not quite true since it is possible to conceive of 


an active transport mechanism in which ions were split from a complex in 
such a way that they had a high kinetic energy or an orientation favourable 
to penetration. If, however, spatial separation of the formation and splitting 
of a complex were part of the mechanism, then energy could be introduced 
either in the movement of the complex across the membrane, or by being 
used to alter the specificity of the complex in a cyclical manner. The former 
supposition is made in Goldacre’s (1952) contractile protein hypothesis, and 
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in hypotheses involving rotating molecules or molecular segments—see, for 
example, Lundegardh (1954)—while the latter forms the basis of numerous 
schemes put forward by a variety of workers since Osterhout—see, for example, 
Hodgkin & Keynes (19552), Solomon (1952), Franck & Mayer (1947). 

Fig. 15 summarizes a cyclical carrier hypothesis put forward by Shaw 
(1954) to explain his findings in horse red cells. This hypothesis is of particular 
interest since it provides a ready explanation of many of the findings in human 
red cells described in the present paper. 


K*. Na* 
\ / Outside 
KX ——> X ——> NaY ; 
Inside 
| J \ 
K? Na* 


Fig. 15. A carrier hypothesis to explain the link between sodium and potassium 
movements. Redrawn from Shaw (1954). 


It is supposed that K+ and Na* can only cross the membrane in combination 
with the carriers X and Y, X being K* specific and Y being Na+ specific. 
The complexes KX and NaY are supposed to be freely diffusible and in 
equilibrium respectively with K+ and X, and Na* and Y, at the two surfaces 
of the membrane. X and Y are, by hypothesis, interconvertible and are in 
equilibrium at the outer surface of the membrane; at the inside surface, X is 
converted into Y with the expenditure of metabolic energy. 

In the presence of glucose and external potassium, the system will carry out 
an active one-to-one exchange of Na+ for K+; because of the ‘backwash’ 
(represented by dotted arrows) there will also be a small influx of sodium and 
efflux of potassium. Saturation of the potassium carriers will cause levelling 
off of the active potassium influx at high external potassium concentrations. 
In the absence of glucose and potassium, the Na+ specific carriers will still 
be able to shuttle backwards and forwards, and can thus be responsible for the 
passive part of the sodium efflux. Furthermore, the ratio of the inward and 
outward passive fluxes of both sodium and potassium will be less than that 
predicted from the Ussing relationship, and will approach unity more or less 
closely depending on how saturated the carriers are. The effect of external 
potassium on sodium influx can be explained by supposing either that, in the 
absence of potassium, sodium is carried in on the potassium carriers; or that 
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removal of potassium leads to accumulation, at the outer surface of the 
membrane, of X and hence, by displacement of the equilibrium, of Y. 

There are, however, certain unsatisfactory features. Removal of glucose 
from human red cells causes a fall in the magnitude of the Michaelis component 
of potassium influx, but leaves the half-saturation constant 8 unaffected. This 
is most readily explained by supposing that f represents the affinity constant 
of the potassium-specific carrier, and that in the absence of glucose there are 
fewer carriers crossing the membrane. However, to explain the absence of any 
active sodium efflux at zero external potassium concentration, it is necessary 
to postulate that the carriers cannot cross the membrane without attached 
cations. If this assumption is made, then the half-saturation value of the 
Michaelis component of potassium influx cannot be interpreted simply as the 
dissociation constant of the carrier-ion complex, since the amount of carrier 
present on the outside of the membrane will itself depend on the external 
potassium concentration. Another difficulty is the difference between horse 
and human red cells, since Shaw found that removal of glucose from horse 
cells led to a considerable increase in both the magnitude and half-saturation 
value of the Michaelis component of potassium influx. It is possible that this 
difference is related to the fact that horse cells, unlike human cells, are relatively 
impermeable to glucose (Wilbrandt, 1938), and glycolyse very slowly (Meyerhof, 
1932). 

The cyclical carrier hypothesis just considered depends on the existence of 
substances which form more or less specific undissociated complexes with 
sodium and potassium: such substances are unfamiliar. A hypothesis of 
rather a different type is that the discrimination between sodium and potassium 
results from the activation or inhibition of an enzyme by Nat or K+. It is not 
necessary that the enzyme should have a different affinity for the two ions, 
but merely that it should be more active when binding one than the other. 
The attractiveness of this hypothesis lies in the fact that several such en- 
zymes have already been described. A list of these is given in Table 12, 
together with the ions that activate or inhibit them. The antagonism between 
the effects of K+ and Rbt+ and the effects of Na+ and Lit is striking, and it may 
also be significant that several of the enzymes catalyse reactions involving the 
transfer of large amounts of energy. If energy were fed into the active trans- 
port mechanism through the reactions of a potassium-activated enzyme 
situated on the cell surface, the abolition of active sodium extrusion when the 
external potassium concentration was reduced would be easily explained. 
It would be interesting to determine the intracellular localization of potassium- 
activated enzymes, and to find whether the external potassium concentration 
does affect the energy metabolism of the cell. However, it may be worth 
pointing out that, although energy-rich phosphate bonds (or similar high 
energy bonds) are quite probably involved in active transport, it is rather 
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unlikely on energetic grounds that one such bond is expended each time 
a Nat is exchanged for a K+. If the glucose consumption of red cells is taken 
to be 1-5 m-mole/I. cells/hr (Raker et al. 1950; Maizels, 1951) and each molecule 
of sugar glycolysed is assumed to give rise to two new energy-rich phosphate 
bonds, then the expenditure of one of these bonds for each Na*+-K+ exchange 
would require between one-third and two-thirds of the total production. 


TaBLE 12. Enzymes activated by univalent cations 
Activated Inhibited 


Pyruvic-phos- Muscle and viscera K, Rb, Na*, Li,Ca Kachmar & Boyer 
phoferase of a variety of ‘aig mer (1953) 
Fructokinase Beef liver K _ Hers (1 
Phospho-fructo- Yeast Mg Mn Nain high  Munte (1947) 
kinase concen. 
Acetate acti- Pig heart K, Rb, NH, Na, Li von Korff (1953) 
‘Choline Rat brain K -— Nachmansohn & John 
Aldehyde de- Yeast K, Rb, NH, Na*, Li,Cs Black (1951) 
hydrogenase 
Galactosidase Bacillus coli K, Rb, NH, Na*, Li Cohn & Monod (1951) 
Apyrase Rat brain Mg+Na —_ Utter (1950) 


* In the absence of other ions sodium is weakly activating. 


SUMMARY 


1, Radioactive tracers have been used to study the movements of sodium 
and potassium in washed human red cells suspended in buffered physiological 
salt solutions. i 

2. It has been found that the relationship between potassium influx (m*) 
and the concentration of potassium outside the cell ([K,]) may be described by 
Shaw’s (1955) equation 

+y[K,], 
where a, 8 and y are constants. 

3. Removal of glucose decreases « by about 50% but leaves 8 and y 
unaffected. 

4. These results suggest that potassium influx consists of a small passive 
component, proportional to the external potassium concentration, and a large 
active component depending on a mechanism which becomes saturated at 
high external potassium concentrations. 

5. Sodium efflux remains constant at external potassium concentrations 
greater than about 10mm, but below 10 mm the efflux decreases. With no 
potassium outside, sodium efflux is reduced by about one-third of its value at 
high potassium concentrations. i 
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6. Removal of glucose has no effect on sodium efflux in the absence of 
potassium, but abolishes about three-quarters of the extra efflux which occurs 
in the presence of potassium. 

7. This extra sodium efflux and the active potassium influx vary in the same 
way with the external potassium concentration. 

8. In a medium free from glucose and potassium, red cells do not show 
a net loss of sodium when the external sodium concentration is greater than 
the internal. 

9. The proposed interpretation of these results is that sodium efflux consists 
of two components; an active component tightly linked to potassium influx 
and driven by energy from glucose; and a passive component, not linked to 
potassium influx and unaffected by glucose deprivation. The fact that removal 
of glucose leads to a decrease of roughly the same size in potassium influx and 
in sodium efflux suggests that the linkage between the active fluxes involves 
a one-to-one exchange of Na+ for K*. 

10. The temperature coefficients of both components of potassium influx 
and sodium efflux have been measured. 

11. Sodium influx varies with the external sodium concentration in a non- 
linear manner. It is also affected by the concentration of potassium outside the 
cell. 

12. The ratio of sodium influx to the passive component of sodium efflux, 
and the ratio of potassium efflux to the passive component of potassium 
influx, have been compared with the ratios to be expected if the passive 
fluxes were brought about by free diffusion in aqueous solution. The results 
indicate that the passive fluxes must depend, partly, on mechanisms in which 
the chance of penetration of any given ion is affected by the presence of other 
ions of the same species. For sodium there is some evidence of interaction, 
of the ‘exchange diffusion’ type, between efflux and influx. 

13. The type of mechanism which could be responsible for cation transport 
in red cells is discussed. 

This work was done during the tenure of a Medical Research Council Scholarship. Expenses 
were met out of a grant from the Nuffield Foundation. 
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THE VASCULATURE OF THE AORTIC BODIES IN THE CAT 


By A. HOWE* 
From the Department of Physiology, University College London 


(Received 14 May 1956) 


In the aortic arch region there occurs a number of groups of specialized cells 
which histologically closely resemble the carotid body and are collectively 
referred to as ‘aortic bodies’. It is generally accepted that they, together with 
the carotid bodies, constitute a chemosensory system. Although both the 
arterial supply and venous drainage of the carotid bodies have been described 
in detail (Chungcharoen, Daly & Schweitzer, 1952), only the arterial supply of 
the aortic bodies has been investigated. The present investigation was under- 
taken to provide more precise information on the vasculature of the aortic 
bodies, particularly in view of the suggestion by some authors (see Gernandt, 
1946) that the aortic bodies do not all possess a chemoreceptor function. As 
a confusing variety of names has been used for these aortic structures the 
term ‘aortic bodies’ is adopted in this paper. 


METHODS 


Since Goormaghtigh & Pannier (1936) and Hollinshead (1940) have shown that developmental 
changes occur whereby the arterial blood supply to the aortic bodies is switched from the pulmonary 
artery in the foetus and new-born to the aorta and/or coronaries in the adult animal, this investiga- 
tion was confined to adult cate. They were anaesthetized with sodium pentobarbitone (Nembutal, 
Abbott Laboratories) (40-45 mg/kg intraperitoneally). The chest was opened in the midsternal line 
while artificial ventilation was maintained by means of a Starling ‘Ideal’ pump. 

The vasculature of the aortic bodies was demonstrated by the injection of coloured masses 
according to the method of Trueta, Barclay, Daniel, Franklin & Prichard (1947) for neoprene 
latex injections, modified according to Andrews, Maegraith & Wenyon (1949). Cannulae were 
inserted into the abdominal aorta towards the heart and into the right atrium and the blood was 
washed out by perfusing a warm (37° C) hypertonic saline solution (sodium chloride 13% plus 
sodium bicarbonate 0-5%) through the aortic cannula. A pressure of 110 mm Hg was maintained 
until the effluent from the atrial cannula was reasonably free from blood. The heart continued to 
beat throughout this procedure. The arterial injection mass was then introduced through the 
aortic cannula, and often a venous injection of contrasting colour was made via the cannula 
inserted in the right auricle or the inferior vena cava. 

Arterial injections. Coloured Hycar latex (British Geon Ltd) at pressures of 140-180 mm Hg, or 
neoprene (B,B, Chemical Company) at pressures of 170-210 mm Hg were mainly employed. In 
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other experiments an injection mass incorporating gelatin, indian ink and rice starch, as described 
by Harris (1947), was used at a pressure of 140 mm Hg. The injection pressure was maintained in 
each case for 3-5 min. 

Venous injections. The gelatin-indian ink-rice starch mass was used in most preparations and 
was found to be superior to coloured latex for demonstrating the finer vessels. The use of gelatin 
masses was preferable when histological section was to be employed, as latex is difficult to cut and 
ruined most sections in which it was included. Indian ink injected into the arterial system at 
pressures from 110 to 140 mm Hg passed through the aortic bodies into their surrounding venous 
plexuses, and so offered an alternative method of investigating their venous drainage. Hycar 
latex was unsuitable for this purpose. 

The preparations were fixed in 10% formol-saline for 7 days before dissection. All dissections 
were carried out with the aid of a dissecting microscope (magnification up to 50 times) and scale 
drawings were made. 

Final confirmation of the identity of the aortic bodies seen under the dissecting microscope was 
obtained histologically. Serial paraffin sections were cut at 6-12, and stained with Ehrlich’s 
haematoxylin and Orange G-erythrosin. Some sections of cat carotid bodies were similarly pre- 
pared for comparison. 

Vascular casts were obtained from some of the neoprene-injected specimens by dissolving 
away the tissues with concentrated hydrochloric acid at 56° C, the vessels having been previously 
marked with platinum wire tags. This method was particularly useful for tracing vessels having 
a retro-aortic origin. 

An inventory of the distribution of the aortic bodies in one animal was made from serial 
sections of a block of tissue containing the base of the heart and major blood vessels. This region 
was fixed by vascular perfusion with Helly’s fluid and collodion sections were cut serially at 50u 
and stained with Ehrlich’s haematoxylin. 


RESULTS 
Location of aortic bodies 

Their distribution conformed to the general plan given by previous authors for 
the cat (see Gernandt, 1946, for an anatomical survey and a review of the 
literature). They were associated with branches of the aortic depressor nerve, 
from which they receive their sensory innervation, and were usually embedded 
in the connective tissue surrounding the major arteries. 

The aortic bodies will be classified according to their anatomical position as 
depicted in Fig. 1: 
Group 1, on the ventral surface of the root of the right subclavian artery; 
Group 2, on the ventral surface of the root of the left subclavian artery ; 
Group 3, on the ventral surface of the aortic arch, superior to the ductus 
arteriosus and inferior to Group 2; 
Group 4, in the connective tissue deep between the aortic arch and the 
pulmonary arterial trunk. 

Blood swpply 


Group 1 was located in three of nine animals examined. The arterial supply 
was established in two of the three cases as a small vessel which arose from the 
root of the right subclavian artery in the angle formed by this vessel with the 
right common carotid artery. The venous drainage was traced in only two cases 
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and was derived from a plexus of fine vessels emerging from the body and 
joining to form a small vein. This vessel (Fig. 2) ran rostrally along the 
ventral surface of the right subclavian artery to enter the superior vena cava 
on its dorsomedial aspect at a level approximately that of the left costo- 
cervical vein (Ellenberger & Baum, 1894). This same vein also drained a lymph 
node which was frequently found in this region. 


RCC. LOC. 
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Fig. 1 Fig. 2 

Fig. 1. Diagram of the ventral aspect of the aortic arch and main vessels in the adult cat to show 
the distribution of the aortic bodies. In this and subsequent figures: A., aorta; B., brachio- 
cephalic artery; D., ductus arteriosus; L.C., left coronary artery; 2.C., right coronary artery ; 
L.C.C., left common carotid artery; R.C.C., right common carotid artery; L.C.V., left 
costo-cervical vein; L.S., left subclavian artery; R.S., right subclavian artery; P.A., pul- 
monary arterial trunk; 8.V.C., superior vena cava; a.b., aortic body ; a., small artery supplying 
aortic body; v, small vein draining aortic body; !.a.n., branch of left aortic (depressor) nerve ; 
r.a.n., branch of right aortic (depressor) nerve. 

Fig. 2. Ventral view of the root of the right subclavian artery to show the venous drainage of an 
aortic body (corresponding to the ‘right aortic glomus of Nonidez’ and to group | in the 
present classification). 

Group 2 was found in four of nine animals examined. The arterial blood 
supply was established with certainty in only one case in which a small vessel 
arose from the dorsal surface of the root of the left subclavian artery (Fig. 3). 
The venous drainage was clearly followed in four animals. The plexus of fine 
veins radiating over the surface of the body united to form two or three small 
veins which joined a tributary of the superior vena cava (two cases) or 
&@ branch of the left costo-cervical vein (two cases). This is illustrated in 
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two specimens from which Figs. 3 and 4 respectively are taken. Nearby 
structures, particularly the left vagosympathetic and depressor nerve trunks, 


were drained by venous branches. LCV. 
4 


L.C.V. 


Fig. 3 Fig. 4 
Fig. 3. Ventral view of ther oot of the left subclavian artery to show the arterial supply and venous 
drainage of an aortic body (corresponding to the ‘left aortic glomus of Nonidez’ and to 
group 2 in the present classification). 
Fig. 4. Ventral view of the root of the left subclavian artery to show the venous drainage of an 
aortic body (corresponding to the ‘left aortic glomus of Nonidez’ and to group 2 in the 
present classification). 


Group 3 aortic bodies occurred fairly commonly and were identified in seven 


of nine animals examined. They usually comprised one to four separate cell © 


groups scattered along the course of the left depressor nerve as it approached 
the heart. The arterial supply was established in five specimens; in each case 
a small distinct vessel arose from the dorsal surface of the brachiocephalic 
artery. It followed a course posterior to the aorta (Fig. 5) and then turned 
ventrally round the ductus arteriosus to emerge ov the ventral surface of the 
aortic arch where it divided into two or more branches (Figs. 5, 6). These 
smaller branches served both this group of aortic bodies and nearby structures. 
Other branches of the artery served structures on the dorsal aspect of the 
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aorta, such as the lower levels of the trachea and the hila of various lung lobes. 
The venous drainage was established in seven specimens. The small veins 
collecting the blood from the venous plexus of each body joined a tributary of 
the superior vena cava in four specimens (Fig. 6), whereas in two others they 
joined a branch of the left costo-cervical vein (Fig. 7). In one further specimen 
the venous drainage of the more caudal aortic bodies entered the superior vena 
cava while that of the more cranial entered the left costo-cervical vein. Venous 
interconnexions between the various individual bodies were sometimes 
observed. 


Fig. 5 
Fig. 5. Dorsal view of the aortic arch and main vessels to show the origin and course of the 
artery supplying aortic bodies on the ventral surface of the aortic arch (corresponding to 
groups 3 and 4 in the present classification). 
Fig. 6. Ventral view of part of the aortic arch and pulmonary arterial trunk near the ductus 
arteriosus to show the arterial supply and venous drainage of an aortic body (corresponding 
to group 3 in the present classification). 


In a separate experiment an aortic body was located in the anaesthetized 
animal with the chest open and maintained under artificial respiration. The 
small vein leading from the body to the superior vena cava was identified 
under a dissecting microscope and the direction of blood flow confirmed by 
gentle occlusion of the vessel. The identity of the aortic body was finally 
checked histologically (Pl. 1). | 

Group 4, This group was the least accessible, situated as it is in the connec- 
tive tissue deep between the ascending aorta and the pulmonary arterial trunk. 
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Aortic bodies were found in this position in each of the two animals in which 


they were specifically sought. The arterial supply was derived from a small 
branch of the right coronary artery and ran towards the aortic arch parallel to 
the pulmonary arterial trunk. No studies were made of the venous drainage 
of these bodies. 


LCV. 


Fig. 7. Ventral view of part of the aortic arch and pulmonary arterial trunk near the ductus 


arteriosus to show the venous drainage of an aortic body (corresponding to group 3 in the 
present classification). 


DISCUSSION 


The results of this investigation show that the arterial supply of the aortic 
bodies in the adult cat is derived from the aorta or its main branches. No 
evidence of a contribution from the pulmonary circulation was obtained. For 
the groups situated at the roots of the left and right subclavian arteries 
(groups 1 and 2 in the present classification) the arterial supply was found to 
conform essentially to the description given by Nonidez (1935) for the left and 
right ‘aortic glomi’ in the kitten and rabbit. In the case of those bodies 
situated on the ventral surface of the aortic arch (group 3) the origin of the 
arterial supply was somewhat more remote, being derived from the dorsal 
surface of the brachiocephalic artery. While such a source does not appear to 
have been previously reported for the cat (Hammond, 1941, mentioned 
vessels arising from the brachiocephalic artery in some cat embryos but 


published no drawings), a similar origin for the arterial supply of corresponding _ 
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bodies in the adult dog has been reported by Addison & Comroe (1938) and 


Comroe (1939). The arterial supply of the group 4 aortic bodies, although not 
extensively studied in the present investigation, conformed to descriptions 
given by Goormaghtigh & Pannier (1936) and Comroe (1939) in that it derived 
from the coronaries. 

The venous drainage of the aortic bodies has not previously been described 
in detail for any species. Nonidez (1936) briefly mentioned that veins were 
abundant among the cell masses of the ‘Aortic Paraganglion’ in the cat, 
running approximately parallel to the pulmonary arterial trunk. He noticed 
that of the veins seen in section in the region of the ‘paraganglia’ a larger one 
possessed valves directed cephalad; he suggested that it might be a tributary 
of the superior vena cava. This astute suggestion is confirmed by the present 
work. It was found in all cases that the small veins draining the aortic bodies 
joined the superior vena cava either directly or via the left costo-cervical vein. 

The vascular network of the bodies was demonstrated equally well, and 
often better, by retrograde venous injection as by arterial injection. This may 
have been due to a higher degree of tone existing in the arterial vessels. 

The direct observation of an aortic body in one living animal confirmed the 
existence of a through circulation, as indicated by injection experiments. 

In the present investigations no obvious differences between the various 
groups of aortic bodies, either in vasculature, nerve supply or morphology, 
have been detected. It seems likely, therefore, that all the groups possess 
a chemosensory function. Further work providing information on this point 
is contained in a subsequent paper (Diamond & Howe, 1956). 


SUMMARY 


1. The vasculature of the aortic bodies in adult cats was investigated by the 
use of injection masses, dissection and histological examination. 

2. The aortic bodies are richly vascularized, possessing an arterial supply 
and venous drainage; the existence of a through circulation is established. 

3. These observations on the pattern of arterial supply, which derives from 
the aorta or its main branches, confirm and extend the findings of previous 
workers. 

4. The venous drainage of the aortic bodies has been established; vessels 
convey blood from the bodies either directly into the superior vena cava or into 
the left costo-cervical vein. 

I wish to thank Mr K. C. Richardson for his advice in connexion with the histology and for 
granting facilities to carry out this part of the work. Dr M. de Burgh Daly contributed helpful 
discussion and criticism, for which I am most grateful. I wish to acknowledge also the technical 
assistance provided by Mr J. T. Fish and Mr D. Bacon. 
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EXPLANATION OF PLATE 
Paraffin section of an aortic body (corresponding to group 3 in the present classification). Its 
small artery ‘a.’ is seen in transverse section below and a fine branch of the associated left aortic 


nerve ‘l.a.n.” to the left of the 
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CHEMORECEPTOR ACTIVITY IN THE AORTIC BODIES 
OF THE CAT 


By J. DIAMOND anv A. HOWE* 
From the Department of Physiology, University College London 


(Received 14 May 1956) 


The aortic bodies are discrete cell masses occurring in the aortic arch region; 
their structure closely resembles that of the carotid bodies. It is well estab- 
lished that the latter are chemosensory organs, the chemoreceptors and their 
nerves forming the afferent arc of respiratory and circulatory reflexes; similar 
reflexes can be initiated from the aortic arch area. 

The evidence assigning a chemosensory function to the aortic bodies is 
satisfactory however for only one cell group, that situated below the aortic 
arch. Indeed some workers have concluded, on the basis of pharmacological 
tests, that the remaining aortic bodies may not function as chemosensory 
structures (Comroe, 1939; Gernandt, 1946). If true, this would be surprising 
since all aortic bodies have essentially the same histological appearance and are 
supplied with nerves and a patent system of arteries and veins (Howe, 1956). 

The present investigation was carried out to discover whether or not the 
application of a suitable physiological stimulus resulted in the appearance of 
afferent impulses in the nerve supplying the aortic bodies located above the 
aortic arch on the left side. The results obtained are offered as evidence that 
these particular aortic bodies contain functional chemoreceptors, and that 
these may normally contribute to chemoreflexes in the cat. A preliminary 
report of this work has been published (Diamond & Howe, 1955). 


METHODS 


Six adult cate were used and were anaesthetized with chloralose (0-08-1-0 g/kg) after induction 
with ethyl chloride and ether. A window was made in the chest by removing part of the clavicle 
and the first four ribs on the left side, the animal being maintained under positive pressure 
artificial ventilation. The superior lobe of the left lung was also removed to allow a larger field for 
dissection. 

The cell groups investigated were those situated around the root of the left subclavian artery 
(Fig. 1). The bodies, which form groups 2 and 3 as described by Howe (1956), are supplied by 
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a branch of the left aortic (depressor) nerve. This nerve was identified with the aid of a dissecting 
microscope; it was cut and freed up to the connective tissue in the region where the particular 
aortic bodies were known to occur. Sometimes the nerve waa cleared up to a small distinct mass 
of tissue which was later identified as an aortic body. All other branches of the nerve were cut. 
Afferent impulses were recorded from the nerve by means of bright platinum electrodes and were 
amplified and displayed on a cathode-ray screen which was photographed on moving paper. The 
frequency response of the amplifier was reduced to give maximal signal-to-noise ratio. When the 
dissection of the nerve was complete the animal was given 500-1000 i.u./kg heparin, (*Liquemin’ 
Roche Products Ltd.) via a cannula inserted in the left femoral vein, which was also used for 
infusion of blood during the experiment. Mean arterial blood pressure was recorded from the 


Fig. 1. Diagram of the ventral aspect of the aortic arch and main vessels in the adult cat to show 
the location of the aortic body from which the records of chemoreceptor activity were 
obtained. A., aorta; B., brachiocephalic artery; P.A., pulmonary arterial trunk; 8.V.C., 
superior vena cava; a.b., aortic body; l.a.n., branch of left aortic (depressor) nerve. 


cannulated right femoral artery by means of a mercury manometer; controlled bleeding of the 
animal was made through the side arm of the arterial cannula. The composition of the ventilating 
gas mixture was varied by attaching bags of different gas mixtures to the inlet side of the respira- 
tion pump. After each experiment a gross anatomical and a histological identification of the 
nerve and associated aortic bodies was made. Serial paraffin sections were cut at 6-12, and 
stained with Ehrlich’s haematoxylin and Orange G-erythrosin. 


RESULTS 
Pressure receptor activity 
The usual record obtained from the nerve described above revealed typical 
pressure receptor activity, consisting of a burst of impulses coincident with 
each heart beat (Fig. 2a). The size of the systolic burst depended on the blood 


pressure; at pressures of 30-60 Hg all signs of a systolic burst disappeared 
(Fig. 2, ¢). 
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Fig. 2. Activity in nerve branch (see text) during air breathing. (a) s.r. 115 mm Hg; 
(5) s.r. 96 mm Hg; (c) s.r. 46 mm Hg. Time +5 sec. 


Fig. 3. Activity in nerve during (a) air breathing, 8.r. 120 mm Hg; (6) breathing 5 % O, in N,, 
B.P. 120 mm Hg; {c) air breathing $ min after (6), B.r. 112 mm Hg. Time 16 sec. 


The effects of lowering the oxygen content of the ventilation mixture 

When the amount of oxygen in the ventilation mixture was reduced to 5% 
(no intermediate mixtures were used) there was a substantial increase in the 
number of impulses visible during diastole. This is seen in Fig. 3. No appre- 
ciable change occurred in the systolic bursts throughout the period of recording, 
but within 5-15 sec of changing to the low-oxygen mixture the diastolic periods 
had changed from ones of relative silence to ones crowded with spikes, mostly 
of small amplitude (Fig. 35). Upon resumption of air breathing these extra 


impulses diminished in number and within about 20 sec the record was as 
21 PHYSIO. OXXXIV 


+! 
> ~ 
ow - 
‘ 
the 
the 
and 
ed 


322 J. DIAMOND AND A. HOWE 


before (Fig. 3c). Most of the action potentials which resulted from a reduction 
of O, content of the ventilation mixture were approximately of the same 
amplitude as the smallest of the pressure receptor spikes. 


The effects of reducing the blood pressure 

The blood pressure was lowered by bleeding from the femoral artery. This 
resulted in a reduction in the number of impulses during systole, and in 
addition the appearance of spikes which were unrelated to the heart beat and 
therefore unlikely to be of pressure receptor origin. As the blood pressure 
fell the size of the systolic bursts diminished, and the number of impulses 
visible throughout diastole increased progressively. Figs. 2a, 6, and 4b show 
records made when the blood pressure in each instance had reached a stable 
level. When the blood pressure was reduced below the threshold for the 
pressure receptors a continuous discharge of impulses occurred which showed 
no detectable cardiac rhythm (Fig. 2c). 

Re-infusion of the animal’s own blood at body temperature caused a 
reversal of this sequence of events; as the blood pressure rose the number of 
‘diastolic’ impulses fell and a cardiac rhythm appeared at roughly the same 
arterial pressure as that at which it had been previously just detectable. 
Re-infusion of all the blood previously removed resulted in a return to the 
initial arterial pressure and an almost total disappearance of spikes between 
the systolic bursts. 

Most of the action potentials which appeared as a result of the fall in blood 
pressure were of small amplitude, with a small proportion whose amplitudes 
exceeded those of the smallest pressure receptor impulses. We have confirmed 
the observation of Landgren & Neil (1951) that reduction of blood pressure is 
more effective than reduction of oxygen supply in eliciting impulses from 
chemoreceptors in the aortic arch region. 

In some experiments the animal’s blood pressure had fallen to below 
100 mm Hg by the time nerve recording was in progress. In these cases there 
was a substantial number of nerve impulses present throughout the whole 
cardiac cycle. Intravenous injection of adrenaline into these animals, sufficient 
to cause a temporary rise of blood pressure to 120-150 mm Hg, caused an 
increase in the size of the systolic bursts of impulses and a disappearance of 
the small and medium spikes during the diastolic periods. During the suc- 
ceeding fall of blood pressure the sequence of events resembled that described 
above for a controlled haemorrhage. 


The effects of administration of oxygen during low blood pressure 
The increased nerve traffic resulting from a lowered blood pressure could 
often be reduced by the administration of 100% oxygen. This effect is shown 
in Fig. 4. Record (a) was made before bleeding was begun. When the blood 
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pressure had been lowered by a controlled haemorrhage record (b) was obtained 
and shows a number of impulses between the now decreased systolic bursts. 
Record (c) was made after 2 min ventilation with pure oxygen, and it can be 
seen by comparison with record (6) that the continuous discharge of impulses, 
which previously tended to obscure the cardiac rhythm, is very much reduced 
although the blood pressure was unchanged. The administration of 100% 
oxygen under these conditions often caused the blood pressure to fall still 
further, but in each case the impulses visible between systolic bursts were 
fewer in number than in records made breathing room air while at equivalent 
blood pressures. 


Fig. 4. Activityin nerve while (a) breathing air, B.r. 112 mm Hg; (5) breathing air, after 
controlled bleeding, B.P. 68 mm Hg; (c) breathing 100% O,, B.P. 68 mm Hg. Time 75 sec. 


* Post-mortem’ discharge 

Towards the conclusion of each experiment the animal was bled until death 
ensued, and throughout this procedure a continuous record of the action 
potentials in the nerve was made. In all cases it was possible to record a 
discharge of impulses of small amplitude which sometimes continued for as 
long as 20 min after the heart had stopped beating. This continuous discharge 
sometimes increased during the first minute or so after ‘death’ and then 
slowly diminished to zero during the following 5-20 min. During this time 
it was possible to elicit a burst of large and small spikes by sudden squeezing 
or stretching of the aorta; these spikes presumably resulted from stimulation 
of pressure receptors. 

Origin of chemoreceptor impulses 

The electroneurograms recorded during reduction of O, supply or @ fall in 

blood pressure did not differ markedly from those made during similar condi- 
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subclavian artery had been pinched with forceps. It is improbable therefore 
that the chemoreceptor impulses recorded could have originated in aortic 
bodies whose afferent fibres ran in this region. At the conclusion of the experi- 
ment the nerve was dissected as far as was practicable with the aid of the 
dissecting microscope, and it was seen to divide into fine branches as it entered 
the connective tissue near the root of the left subclavian artery. A piece of 
tissue, which included the nerve and the region where it appeared to terminate, 
was excised and later examined histologically. In all cats it was possible to 
identify aortic bodies which received fine branches of the nerve from which 
the electrical records had been made. A section of one such aortic body is 
shown in Pl. 1 of the preceding paper (Howe, 1956). 


DISCUSSION 


The results of the present investigation show that the nerve from which the 
recordings were made includes fibres from receptors which become active 
(a) when the proportion of oxygen in the ventilating mixture is lowered, or 
(6) when the systemic arterial blood pressure is reduced. The impulses which 
resulted from these procedures were mostly of small amplitude and were 
distinct from those of pressure receptor origin. During periods of low arterial 
blood pressures the number of these impulses could be reduced by administering 
100% oxygen to the animal; when an animal was bled out the discharge of 
small amplitude potentials continued for many minutes after death. These 
results are similar to those obtained from the chemoreceptors of the carotid 
bodies (Bogue & Stella, 1935; Landgren & Neil, 1951). 

The nerve used for recording was shown to supply branches to the aortic 
bodies situated near the root of the left subclavian artery; attempts to crush 
the tissue (and therefore any nerves contained in it) between this region and 
the heart did not alter the electroneurogram obtained during the procedures 
outlined above. It is concluded therefore that the impulses produced during 
the respiratory and circulatory modifications described above originated from 
_ chemoreceptors in the aortic bodies situated near the root of the left subclavian 
artery ; it seems likely that these receptors form part of the peripheral chemo- 
sensory system in the adult cat. 

Previous investigators, who injected drugs at various points into the arterial 
system and observed either reflex effects on respiration and blood pressure 
(Comroe, 1939) or impulse traffic in afferent nerves (Gernandt, 1946), were 
unable to demonstrate a chemosensory function for these aortic bodies. How- 
ever, there was no indication in their experiments as to whether or not the 
injected material reached the receptors in a sufficiently high concentration, 
or rapidly enough, to excite; from information on flow conditions in the aortae 
of various species (Ralston & Taylor, 1945; Ralston, Taylor & Elliott, 1947; 
McDonald, 1952) it seems possible that the bulk of an injection into the aorta 


ye 
* 
0 
« 
‘ 
» 
— 


AORTIC CHEMORECEPTORS 325 


might be swept away in the axial stream past tributary arteries, whose blood 
would come mainly from the periphery of the parent vessel. Also the arterial 
supply of aortic bodies often arises at a point some distance from the site of 
the cell groups (Howe, 1956) and thus from the catheter tip in the experiments 
of Comroe (1939) and of Gernandt (1946). 

Comroe and Gernandt found that reflex respiratory and blood-pressure 
responses were regularly obtained in cats when a catheter was pushed past the 
aortic valves and the drug injected into the left ventricle. They explained 
these results on the basis that only the infra-aortic arch group of the aortic 
bodies is chemosensitive; this group receives its blood supply from the 
coronary arteries. However, because of the turbulence within the heart 
chambers a substance injected directly into the left ventricle would mix 
thoroughly with the blood, and so be carried to all the aortic bodies. A subse- 
quent reflex response might then be the net result of excitation of several 
groups of chemoreceptors and not necessarily be due solely to stimulation of 
the receptors in the aortic body situated below the aortic arch as concluded by 
Comroe and by Gernandt. Moreover, the stimulation of a single chemosensory 
group might give rise to no, or only very slight, reflex effects; this would not 
diminish the importance of such a group, since central facilitation is likely to 
be as important a feature of circulatory and respiratory reflexes as of any 
other. Even positive effects induced by drugs are not necessarily conclusive 
evidence of chemoreceptor activity, for drugs such as acetylcholine excite 
a variety of sensory endings including vascular pressure receptors (Diamond, 
1955). Such drugs, moreover, may elicit impulses in chemoreceptor fibres by 
acting at a site other than that at which oxygen-lack exerts its effect, and the 
production of discharges by them does not necessarily indicate whether or not 
the chemosensory cells are functional (von Euler, Liljestrand & Zotterman, 
1939; Hollinshead & Sawyer, 1945; Diamond, 1955). 


SUMMARY 

1, Afferent impulses have been recorded from a branch of the left aortic 
nerve in the thorax of anaesthetized adult cats under artificial respiration. 

2. During respiratory and circulatory conditions which are known to elicit 
chemoreflexes in the cat, impulses appeared which were mostly of small 
amplitude and were distinct from those of pressure receptor origin. These and 
other results suggest that the small amplitude impulses arose from vascular 
chemoreceptors. 

3. In each experiment the nerve from which the recording was made was 
shown to supply one or two aortic bodies situated near the root of the left 
subclavian artery; there is no evidence that other aortic bodies are associated 
with this nerve. It is concluded that these aortic bodies were the site of origin 
of the chemoreceptor impulses recorded. 
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4. The failure of previous investigators to demonstrate a chemosensory 
function for these aortic bodies is discussed. 
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FURTHER OBSERVATIONS ON THE VISUAL PIGMENTS OF 
THE CLAWED TOAD, XENOPUS LAEVIS 


By H. J. A. DARTNALL 
From the Visual Research Division, Medical Research Council 


Opthalmological Research Unit, Institute of Ophthalmology, 
Judd Street, London, W.C. 1 


(Received 23 May 1956) 


In a previous investigation (Dartnall, 19535, 1954) the photosensitive material 
(Amax. = 519 my) extracted from the retinal photoreceptors of the clawed toad, 
Xenopus laevis, was examined by the method of partial bleaching. The 
difference spectra obtained in the bleaching experiments were all substantially 
the same, irrespective of the spectral quality of the bleaching light. This 
showed that the photosensitivity of the solutions was almost entirely due to 
a single photopigment. Minor variations in the difference spectra suggested, 
however, the presence of a small proportion of one or more photopigments 
besides the principal one. 

Wald (1955) found that retinae of the dark-adapted Xenopus contained— 
after bleaching—a mixture of vitamins A, and A, in the ratio 95 to 5. He there- 
fore inferred that the Xenopus photopigment was a mixture of porphyropsin, 
a vitamin A, pigment, and rhodopsin, a vitamin A, pigment. 

By calculation one can show that the light-absorbing properties of the 
Xenopus photopigment are imitated by a mixture consisting of 92% of visual 
pigment 523 (porphyropsin) and 8% of visual pigment 502 (rhodopsin). The 
hypothesis that it is such a mixture is not inconsistent with the results of the 
first investigation. To detect a small proportion of pigment 502 in a large 
excess of pigment 523 requires a more specific application of the partial 
bleaching technique than was attempted in the general survey. A particular 
hypothesis concerning the composition of a photopigment can, however, be 
readily tested. The experiments here described were designed to test the hypo- 
thesis. The results obtained throw new light on the interpretation of the 
Xenopus spectral sensitivity curve (Denton & Pirenne, 1951, 1954) and suggest 
the presence in the Xenopus retina of a mechanism depending on the difference 
in activity between two types of photoreceptor. 
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METHODS AND APPARATUS 


The work was carried out on a single extract, prepared on 24 October 1955 from sixteen toads 
(X. laevis) weighing 1000 g. The toads were killed after having been kept in darkness for 65 hr. The 
retinal photopigment was extracted in dim red light by the method previously described (Dartnall, 
1954), viz. using Saito’s (1938) sugar flotation technique for segregating the photoreceptor outer 
limbs which were then washed with pH 4-6 buffer and finally treated with two successive 1-5 ml. 
portions of 2% digitonin. The two extracts were combined, and made alkaline (pH 8-1) by adding 
0-3 ml. of saturated sodium borate solution, The resulting solution (see curve 1, Fig. 1) had 
Amax. = 516-518 mp, Diy, /Dax. = 0-47 and was identical in properties to those extracts prepared in 
the previous investigation. The extract was stored at - 10° C, samples being taken (after thawing) 
as required for experiment. 

The apparatus for bleaching the solutions in stages by approximately monochromatic lights, 
and that for measuring density spectra, were as previously described (Dartnall, 1952). The stability 
of the solutions during the density measurements was, as usual, tested by making the observations 
at 20 my intervals in interlaced outward (380-620 my) and return (610-390 my) runs. In all 
conditions, viz. unbleached, partly bleached or fully bleached, the solutions were almost perfectly 
stable. All the measurements refer to a temperature of 20-0 + 0-2° C and to an optical path length 
of 0-5 om. 


RESULTS 
Identification of pigments 523 and 502 in the Xenopus eztract 


If the Xenopus photopigment is pigment 523 mixed with a little pigment 
502 then it should be possible to bleach the 523 pigment preferentially by 
exposing the mixture to long wave light, and thus leave an unbleached residue 
relatively richer in pigment 502 than was the original solution. This is a better 
approach to the problem than, for example, attempting to bleach the pigment 


502 out of the mixture by short wave light, for the photosensitivity ratio of the ~ 


two pigments is much greater at the red than at the blue end of the spectrum 
(see, for example, Fig. 3). The longest wave light practicable with the present 
bleaching apparatus was 700 my. 

The results of one of the partial bleaching experiments are shown in Fig. | 
in which curves, numbered from 1 to 8, represent the density spectrum of the 
extract at various stages of bleaching, ranging from the initial state (curve |) 
to the fully bleached condition (curve 8). Curves 2, 3 and 4 were obtained after 
the solution had been given successive exposures to light of wave-length 700 my, 
curves 5, 6 and 7 after further successive exposures to light of wave-length 
650 mu, and curve 8 after bleaching had been completed by exposure to white 
light. Details of this and the other experiments are shown in Table 1. 

In this experiment approximately 95 °% of the total photosensitive material 
originally present in the solution was bleached by exposure to red light 


(700 my or 650 my) and the remaining 5% by exposure to white light. If, | 


therefore, the solution had originally contained a small amount of photo- 
pigment less sensitive—to red light— than the main one, the residual 5°, 
would be relatively much richer in the red-insensitive pigment. This possi- 
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bility can be tested by comparing the difference spectra formed by subtracting 
the density spectrum at any stage of the bleaching from that for the preceding 
stage. When this is done it is found that the difference spectra for all instal- 
ments bleached by red light are very similar and have Amax. =525-522 my (see 
Table 1), while that for the final white bleach has Amax.=c. 505 my. 

In Fig. 2 the total change caused by the six exposures to red light (curve 1 
minus curve 7 in Fig. 1), and that caused by the final exposure to white light 
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Fig. 1. A typical partial bleaching experiment. Curve 1, original density spectrum of the 
Xenopus extract; curves 2, 3 and 4, after successive exposures to 700 my light; curves 5, 6 
and 7, after further successive exposures to 650 my light; curve 8, after terminal exposure to 
white light: pH 8-1, temp. 20° 0. For details see Table 1. 
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(curve 7 minus curve 8 in Fig. 1) are compared with the difference spectra for 
the carp pigment 523 and the frog pigment 502 respectively. 

The data for the red-sensitive material (filled circles, Fig. 2), though very 
similar to the 523 difference spectrum, are displaced slightly to the left of it. 
This, however, is to be expected because of slight ‘contamination’ from the 
red-insensitive material. In the earlier part of the bleaching one would expect 
the contamination to be less, and in fact, the first three instalments, i.e. to the 


Percentage of maximum density loss 


tee Ree eee eee 


500 
Wavelength (my) 


Fig. 2. Comparison of the red-sensitive and red-insensitive components in the Xenopus extract 
with visual pigments 523 and 502 respectively. @, difference spectrum of red-sensitive 
component at pH 8-1 (Fig. 1, curve 1 minus curve 7); ‘ pigment 523’ , difference spectrum of 
the visual pigment of the carp, Cyprinus carpio, at pH 8-3 (Crescitelli & Dartnall, 1954). 
O, difference spectrum of red-insensitive component at pH 8-1 (Fig. 1, curve 7 minus 
curve 8); “pigment 502’, difference spectrum of the visual pigment of the frog, Rana esculenia, 
at pH 8-6 (Dartnall, unpublished). Temp. 20° C. 


stage shown by curve 4 in Fig. 1, have difference spectra almost identical with 
that for the carp pigment. Similarly, the data for the red-insensitive material 
(empty circles, Fig. 2) are displaced slightly to the right of the curve for pig- 
ment 502 because of contamination by the trace of red-sensitive material 
which escaped bleaching by red light. One can conclude, therefore, that the 
Xenopus photopigment (Amax.=519 mu) consists of a mixture of pigments 
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identical with or very similar to the pigment 523 of carp and the pigment 502 


of frog. This conclusion is supported by the results of the other experiments 
listed in Table 1. 


Details of the experiments 


Width of 
Date and Dominant slits} Duration 
sample no.* wave-lengtht (mm) (min) Maximum density change § 
25-26 Oct. 1955 (1) 630 mp 0-40 30 — 0-0705 at 524 my 0-2086 
630 mu 0-26 120 — 0-0760 at 523 my rs ¢ 
630 0-60 30 ~ 0-0358 at 523 mp | saa 
630 my 1-20 ~ 00265 at ¢. 520 mp 
Darkness during 77 (17 hr) +0-0070 at c. 525 my 
0- ~0-0125 at c.513 -0-0181 
15 W Pp 10 0-0058 at c. 505 mp) at 511 
27 Oct. 1955 (2) 700 my 0-80 210 ~0-0304 at 525 mp 
700 my 1-20 120 — 0-0390 at 523 mu 01583 
700 my 1-20 —|| — 0-0330 at 524 my at 
650 my 0-40 60 - 0-0181 at 522 my 523 
650 my 0-50 120 ~ 0-0256 at 522 my af 
1-00 60 ~0-0124 at c. 523 mp 
15 W lamp —- 10 —0-0108 at c. 505 my 
1 Nov. 1955 (3) 580 my 0-50 20 0-0750 at 522 my 01442 
580 mu 0-34 30 ~0-0270 at 525 mu at 
580 my 0-50 15 — 0-0194 at c. 520 ~" 522 
580 0-60 90 ~ 0-0234 at c. 518 mu a9 
15 W lamp — 10 — 0-0073 at c. 509 my 


* The extract was prepared on 24 October 1955. It was stored in darkness at - 10°C. After 
thawing, samples were withdrawn as required. The freezing of the extract resulted in ice being 
first thrown out of solution. This accounts for the variable concentration of the samples. 

+ The following stray-light filters were used in the exit beam; Ilford 205 (for 700 my), Ilford 204 
(for 650 and 630 my) Ilford 626 (for 580 my) and Ilford 624 (for 520 my). | 

t Both entry and exit slits were the same width. For any particular wave-length setting, the 
light intensity was roughly proportional to the product of the slit widths, i.e. to the squares of the 
figures given. | 

§ The negative sign denotes bleaching; the positive sign, regeneration. Wave-lengths of maxi- 
mum density change were estimated to the nearest 1-2 mp from curves drawn freehand through 
the points. In those cases where the value given is prefixed by ‘c.’ the uncertainty in location was 
2-4 my. 

|| Duration of exposure unknown, owing to failure of light source. 


Relative amounts of pigments 523 and 502 in the Xenopus photopigment 
The relative amounts of the two pigments (in terms of their maximum 


_ density losses on bleaching) can be obtained from the partial bleaching results; 


though, because of the impossibility of achieving a perfect ‘separation’ of the 
pigments, the values are more or less approximate. In the experiment just 
described, which provided the best example for this purpose, they were 0158 
for the red-sensitive component and 0-011 for the red-insensitive one, a ratio 
of about 94 to 6. The other experiments (see Table 1) yielded similar results. 
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Wald (1955), on the other hand, calculated from Dartnall’s (1954) spectra 
that the Xenopus pigment might contain as much as 30% rhodopsin (pigment 
502), a proportion hardly consistent with the partial bleaching results obtained 
by Dartnall, nor with Wald’s own observation that the ratio of vitamin A, to 
A, in the bleached retina was only 5%. It should be added, however, that he 
supposed the Amax. of the total photopigment to be 515 mp (the Amax. of 
Dartnall’s extracts) thus overlooking the displacement of extract maxima 
caused by yellow impurities (cf. Crescitelli & Dartnall, 1954). In fact—as was 
shown in the previous investigation, and confirmed in this—the Amax. is 
519 my. Calculation shows that the characteristics of the total photopigment 
can be simulated by a mixture of 92 parts of pigment 523 and 8 of pigment 502. 
This tallies well with the present partial bleaching results and with Wald’s 
vitamin A ratios. 

DISCUSSION 
Comparison between the results of the previous and present investigations 
The present work shows that the light-absorbing properties and the behaviour 
on partial bleaching of the Xenopus pigment 519 can be explained on the basis 
that it is a mixture of 92% pigment 523 and 8% pigment 502. 

In the previous investigation (Dartnall, 19536, 1954) the basic similarity of 
the difference spectra obtained in all partial bleaching experiments led to the 
conclusion that the photosensitivity of the solutions was primarily due to 
a single pigment (of Amax. about 519 my). Certain variations were observed, 
however, in particular between those difference spectra referring to an initial 
bleach with long wave light and those referring to the last bleach with white 
light. In one experiment (affording the extreme case of such variation) three- 
quarters of the Xenopus pigment was bleached by red light (630 my), giving 
a difference spectrum with Amax.=521 my, and the remaining quarter by 
white light, giving one with Amax.=517 my. When both difference spectra 


were plotted with maximum = 100, the latter had ordinate values consistently 


lower (for wave-lengths >520 mu) than the former, the greatest difference 
being at about 570 my. This suggested that the solutions might have contained 
a small proportion of a narrow-band pigment (Amax. =c. 570 my), all of which, 
together with some of the main pigment, had been bleached by the red light. 
Some support for this idea seemed to be given by the existence of a ‘hump’ at 
about 560 my in the Xenopus spectral sensitivity curve (Denton & Pirenne, 
1951). 

The results of the previous work are more readily explained, however, in the 
light of the present findings. Thus the three-quarter bleach by red light, 
assuming the pigment 502 to have been unaffected, should have left a residue 
relatively richer in that pigment by a factor of four, i.e. one with the composi- 
tion 32% pigment 502, 68% pigment 523. Such a mixture would yield 
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a difference spectrum with Amax. =515 my. The value actually observed in the 
bleach by white light was somewhat higher (517 m,.), as might be expected 
from the slight depletion of pigment 502 during the initial exposure to red 
light. 

The demonstration of a small amount of pigment 502 in a mixture consisting 
mainly of pigment 523 requires, as we have seen in the present work, an almost 
complete prior removal of the latter pigment by prolonged exposures to red 
light. This ‘concentrating’ process was not sufficiently prolonged in the previous 
investigation, with the result that the difference spectra for the ‘red-sensitive’ 
and ‘red-insensitive’ components showed only minor differences. The ‘ pigment 
570’ curves obtained by subtracting such spectra from each other, are, in fact, 
simply functions of the differences between the density spectra of pigments 
523 and 502. We may conclude, therefore, that the Xenopus retinal extracts 
were of the same composition in both investigations. 


Interpretation of the Xenopus spectral sensitivity curve 

It is sometimes possible to show a direct relationship between the spectral 
sensitivity of an animal and the light-absorbing properties of the photosensitive 
material extractable from its retina. In Fig. 3 the density spectra of the two 
Xenopus pigments, 523 and 502, are plotted. Neither of these curves singly, 
nor any curve formed by adding the two together in various proportions, 
bears any obvious relation to the Xenopus sensitivity data, as determined by 
Denton & Pirenne (1951). 

These data (Fig. 4) show that the sensitivity rises to a sharp maximum in 
the yellow (560 my) and to a less-well-defined maximum in the blue, there 
being certainly an inflexion and perhaps an actual minimum in between at 
about 510 my. 

It is interesting to note that the curve of differences, obtained by subtracting 
the density spectrum of pigment 502 from that for pigment 523, has certain 
features in common with the sensitivity data. Thus it has a sharp positive band, 
maximal at 560 my, crosses the zero axis at 510 my and descends to negative 
values maximal at 465 my. If, instead of the algebraic difference between the 
two spectra, we take the modulus of the difference, i.e. count all differences as 
positive, we obtain the curve as it is drawn in Fig. 3. The striking resemblance 
between this curve and Denton & Pirenne’s values for the spectral sensitivity 
of Xenopus is shown to advantage in Fig. 4, in which both are plotted to the 
same scale. 

The comparison suggests that the spectral sensitivity is mediated by 
a physiological mechanism which depends in some way upon the difference 
between the light-absorbing properties of the two Xenopus pigments. The kind 
of mechanism envisaged is shown diagrammatically in Fig. 5. In the first zone 
are the photoreceptor cells, the outer limbs being drawn as differently shaded 
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Fig. 3. The density spectra (max.=100) of pigments 523 and 502, and the difference curve 
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formed by subtracting one from the other (ali differences being counted as positive). 


Sensitivity (max.=100) 
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Fig. 4. Interpretation of the spectral sensitivity of Xenopus. +, O, relative visual sensitivity 
(max.=100); +, from thresholds for expansion of skin melanophores; O, from thresholds for 
the seeking of shade (Denton & Pirenne, 1951). The bipartite curve (cf. Fig. 3) is the modulus 
a eat ci: between the density spectra of the two visual pigments of 

enopus. 
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rectangles to denote that they contain different photopigments (i.e. 523 and 
502). The axons from these cells are shown to terminate in synapses (labelled 
+ or —) with cells of the second zone, the positive synapses having an 
excitatory effect on the second zone cells, and the negative synapses an inhibi- 
tory one. Thus suppose that under certain conditions of light intensity and 
wave-length (/)) the impulse frequencies in the relevant photoreceptor axons 
(see Fig. 5) are m, and n,. Then if n,>mn}, only the left-hand zone 2 cell 
responds, supposedly with a frequency of n,—n} (or some function of this 
quantity), the right-hand one being dormant. If n,>m),, however, then it is 
the right-hand zone 2 cell which responds, and the left-hand one which remains 
quiescent. The axons of both the zone 2 cells terminate in ‘stimulatory’ | 
synapses with the zone 3 cell. The net result of the whole arrangement 
(Fig. 5), therefore, is that an impulse frequency equal to, or dependent on, the 
difference between m and n, is set up in the axon of the zone 3 cell. The response 
of the arrangement is, therefore, a function of | n,—n, |. 

If we assume that the impulse frequencies, m, and ,, in the photoreceptor 
axons are proportional to the rates at which light is absorbed (quanta per sec) 
by the respective photopigments, i.e. if 


and 


where a) and a} are the fractions of light absorbed by the photopigments and 
k is the same constant in each case, then 
| m—m | =I, | | )- 

In spectral sensitivity determinations one measures the intensities of lights 
(I,) which are required to elicit a response of constant magnitude. The 
sensitivities are defined as the reciprocals of these intensities. Constancy of 
response requires constancy of | m,—n, | and hence of I, | a,—a, |. For any 
invariant value of I, | a,—a,| throughout the spectrum, J) is an inverse 
measure of | a,—a, | and hence 1/J,, the sensitivity, is given by | a,—a) |, 
i.e. by the difference between the fractions of incident light absorbed by the 
photopigments. To a first approximation these fractions are proportional to 
the optical densities of the pigments. Thus the relative spectral sensitivity of 
the arrangement shown in Fig. 5 would be given approximately by the 
difference between the density spectra of the two photopigments. 

In the foregoing argument and interpretation of the Xenopus sensitivity 
there are four implicit assumptions. First, it has been supposed that the 
pigments 523 and 502 are segregated in vivo, i.e. that they do not occur mixed 
in the same photoreceptor outer limbs. Secondly, it has been assumed that. 
visual pigments other than 523 and 502 which may exist in the Xenopus retina 
(e.g. those of the green rods (Denton & Pirenne, 1952) or of the cones) and 
which were not detected in the present investigation, are not involved in 
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Denton & Pirenne’s (1951, 1954) measurements of the visual threshold. 
Thirdly, in arriving at the curve of differences (Fig. 3), which agrees so well with 
the relative sensitivity data, the two pigments have been given equal weight 
(i.e. the pigment curves in Fig. 3 have been drawn to the same scale), although 
the partial bleaching experiments showed that the retinal extract contained 
a large preponderance of pigment 523. If the extract figures give a faithful 
picture of the proportions present in the retinae of Denton & Pirenne’s toads 


Zone 2 
(m>m) 
Zone 3 
| 


Fig. 5. Diagram of hypothetical photoreceptor mechanism to account for the Xenopus spectra] 
sensitivity data. For explanation, see text. 


under the conditions of their experiments, we are faced, therefore, with an 
anomaly. This could be resolved, however, by supposing that the photo- 
receptors containing pigment 502 are linked in the way described with only 
a commensurate fraction of the total number of 523 photoreceptors, and that 
the majority of the latter serve a purely scotopic function, operative, perhaps, 
at lower luminance levels. Alternatively one could suppose that, by a pro- 
liferation of lateral connexions, the effect of pigment 502 is multiplied to parity 
with that of pigment 523. At present, however, it is not profitable to discuss 
the relative likelihoods of these or other ‘explanations’ of the anomaly. 
Finally the diagram in Fig. 5 suggests that the whole mechanism is retinal. 
This, of course, need not necessarily be so. The ‘differencing’ could equally wel! 
occur in a more central position in the optic path. 

An interesting property of the hypothetical receptor mechanism in Fig. 5 
has been pointed out by a referee. Light of wave-length 510 my or thereabout 
is ineffective in eliciting a response because it is equally absorbed by both pig- 
ments (see Fig. 3). Similarly, it should be possible to select any two wave- 
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lengths on either side of 510 my (say 470 and 560 my) and so to adjust their 
intensities that, when applied together, they also will have an equal effect on 
both pigments and be correspondingly ineffective. Thus the addition of (say) 
some 470 mp light should cause a rise in the threshold to (say) 560 mu. 
Likewise, the switching-off of one component of a ‘balanced’, and therefore 


- ineffective, mixture of above-threshold stimuli should elicit a response. If 


experiments with Xenopus fulfil these expectations, this would provide strong 
support for the hypothesis. It has been suggested (Dartnall, 1953a) that 
Granit’s narrow-band modulators (Granit, 1943, 1947) might be mediated by 
differencing mechanisms of the kind postulated in this paper. The case of 
Xenopus may be thought to lend some support to this view. 


SUMMARY 


1. The photosensitive material (Amax.=519 mu) extracted by 2°% aqueous 
digitonin from the photoreceptor outer limbs of the clawed toad, Xenopus 
laevis, has been shown to be a mixture of about 8 %, of a photopigment similar 
to, or identical with, the frog visual pigment 502, and 92% of another similar 
to, or identical with, the carp visual pigment 523. 

2. The spectral variation of the visual sensitivity of Xenopus, as determined 
by Denton & Pirenne (1951), bears no direct relationship to the density spectra 
of either of the Xenopus pigments, but closely resembles the difference 
between them. 

3. A visual mechanism for Xenopus has been postulated, in which the 
response is dependent on the difference between the light absorbed by the two 
Xenopus pigments (assuming these to be segregated in vivo in different 
photoreceptors). 


My thanks are due to Dr J. A. B. Gray for helpful discussions and to Miss D. J. Taylor for 
assistance in the experimental work. 
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THE PASSIVE ELECTRICAL PROPERTIES OF THE FROG’S 
RETINA, CHOROID AND SCLERA FOR RADIAL FIELDS 
AND CURRENTS 


By G. 8. BRINDLEY 
From the Physiological Laboratory, University of Cambridge 
(Received 25 May 1956) 


In relating the changes in electrical potential recorded from a living structure 
to the activity of that structure, or the form and distribution of an externally 
applied current to the physiological effects that that current may have, it is 
useful to know something of the passive electrical properties of the structure. 
The present investigation of the electrical properties of the frog’s eye, although 
it relates only to current flowing radially in the eye, i.e. perpendicularly to the 
retinal surface, has some value for this purpose. It has also revealed a structure 
of high radial resistance and capacity and small thickness, here referred to as 
the ‘R membrane’, which has proved a useful landmark in investigations of 
electrical responses of the retina to illumination (Brindley, 1956c); and it 
suggests a new interpretation of the effects, first discovered by Granit & 
Helme (1939), of steady polarizing currents on the electroretinogram. These 
effects may be largely due to a decrease during activity in the radial resistance 
of the retina. 


METHODS 


Preparation. Opened excised eyes of Rana temporaria were used, the cornea, iris, ciliary body 
and lens being removed together in one piece. In most experiments as much as possible of the 
vitreous humour filling the cup of the eye was retained, since it was required as an electrical 
conductor. 

Electrodes and manipulators. The preparation was placed in a small porous eathenware cup 
shaped to fit an average frog’s eye. The flat base of the cup rested on a thin plate of porous 
earthenware which rested in turn over a small chamber filled with Ringer’s solution and containing 
twin spirals of electrolytically chlorided silver wire. One of these spirals was earthed through 
a resistance of 1200 Q. The other was available for passing current through the preparation 
without polarizing the metal-electrolyte junctions of the recording system. The earthenware cup 
and plate were soaked in Ringer’s solution before every experiment. Screw controls allowed the 
preparation with ite underlying cup, plate, chamber and electrodes to be moved in all horizontal 
directions over the glass-covered floor of a heavy (8 kg.) iron box mounted on three soft rubber 
pillars, 
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Glass capillary microelectrodes, filled usually with 3m-KCl solution but in a few experiments 
with Ringer’s solution, of tip diameter less than 1 yu (resistance, when filled with 3m-KCl solution, 
from 3 to 7 MQ), were attached to a vertically-moving micromanipulator graduated in 104 steps, 
mounted on the fixed part of the roof of the heavy iron box containing the preparation. Electrical 
contact with the microelectrode was made through a chlorided silver wire entering ite shank, and 
screened from the light used to stimulate the preparation. A second vertical micromanipulator, 
also mounted on the fixed part of the roof of the heavy iron box, was available to carry when 
necessary @ second upper electrode, usually a chlorided silver wire. 

Amplification and recording. The microelectrode was connected to the grid of the first amplifying 
valve of a single-sided battery-operated preamplifier. The grid current taken by this valve was in 
most of the experiments about 7 x 10-"A. In a few early experiments it was as high as 5 x 10-"A. 
The stray capacity between the microelectrode and earth was insufficient, even with an electrode 
of 50 MQ resistance, to cause appreciable high-frequency loss within the range of frequencies 
covered by the responses with which these investigations are mainly concerned, though spikes 
were probably somewhat attenuated. The smallness of the high-frequency loss, even for an 
electrode of this exceptionally high resistance, can be judged from the square calibrating pulses 
of Fig. 2. | 

The preamplifier and its batteries and the heavy iron box containing the preparation were kept 
within an earthed cage made mainly of sheet iron, which served as electrostatic, electro-magnetic 
and optical screening. Outside the cage were most of the optical equipment for stimulating the 
eye, the cathode-ray oscilloscope which was fed by the preamplifier, a camera recording the 
defiexions of the two spots of the oscilloscope tube, usually on moving film, and a simple thyratron 
oscillator whose frequency was modulated by the deflecting voltage of one or other of the oscillo- 
scope spots. This oscillator, feeding a loudspeaker, provided convenient auditory indication of 
changes in potential of the microelectrode, and made it unnecessary to watch the oscilloscope tube 
whilst manipulating the preparation. 

In most experiments both beams of the oscilloscope recorded the potential difference between 
the microelectrode and earth. One, taken from the second stage of the preamplifier with direct 
coupling throughout, gave a gain of about 10 mV/cm. The other, taken from the third stage of 
the preamplifier, with two resistance-capacity couplings of over-all time-constant 0-77 sec, gave 
between 20 and 200uV/cm. The auditory presentation was usually used at a gain of about 
30 uV/semitone. 

Optical equipment. The details of this are of interest only in connexion with the two following 
papers (Brindley, 1956, c), but it was used incidentally in the present experiments, and it is 
convenient to describe it here. The apparatus, which is shown in Fig. 1, was designed to provide 
a stimulating spot, variable in size, shape and position, superimposed on a steady uniform illumina- 
tion of the whole eye, usually at one-tenth of the intensity of the stimulating spot. 

The lenses L, and L, formed coincident images of the ribbon filaments of the lamps S, and S, 
on, and almost completely covering, the lens L,. The light from the two paths was combined by 
the beam-splitting cube P,. The right-angled prism P,, which was mounted on the detachable 
part of the roof of the iron box containing the preparation, reflected the light down on to the 
retina, on which images of the stops H, and H, were formed by the lens L,, whose mounting 
allowed focusing adjustments. The image of H,, providing the steady background, was always 
larger than the retina, H,, which provided the stimulating spot, was one of a series of inter- 
changeable drilled plates mounted on a microscope’s mechanical stage. Its image on the retina 
was 1/6-6 of its own diameter, which could be varied between 0-41 and 24 mm. White light was 
used in all the experiments of this and the following two papers, its intensity being controlled 
by the colloidal carbon neutral filters F, and F,. A photocell, placed close to L,, sent a pulse 
into the third stage of the preamplifier when the shutter was opened or closed, so that the 
beginning and end of each stimulus was marked on the same trace as the response of the retina 
to it. 


At the back of the iron box containing the preparation was a large opening through which the 
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electrode and the preparation could be inspected through specially mounted microscope. 
Inspection through the microscope was used to focus the stimulating spot and to adjust its 
position to coincide with the tip of the electrode. It was sometimes used to determine the instant 
at which the tip of an electrode touched the exposed posterior surface of the retina. For deter- 
mining when the tip of an electrode touched the anterior surface of the retina it was found unreliable 
because of the difficulty of seeing this surface, and an electrical criterion was generally used. 


Fig. 1. Optical part of apparatus. S,, S,, ribbon filament lamps; L,, L,, L,, achromatic lenses 
filters; P,, non-polarizing beam-splitter. 


RESULTS 
The radial electrical resistance of the coats of the eye 
To measure the radial electrical resistance of the whole thickness of the frog’s 
retina, pigment epithelium, choroid and sclera, an opened excised eye was 
placed in the apparatus on a cup of porous earthenware which fitted the 
posterior surface of the sclera,.twin upper electrodes of chlorided silver wire 
were lowered side by side into the vitreous, a square pulse of current was 
passed between one of them and one of the twin lower electrodes beneath the 
preparation, and the potential difference developed between the other upper 
and the other lower electrode was measured. The voltage pulse developed in 
response to @ square current pulse was found to be conspicuously rounded, 
in the manner to be expected if a substantial part of the resistance of the 
preparation had a capacity in parallel with it. The steady value of the potential 
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difference reached was found to be proportional to the current flowing over 
the range 0-5-18 A, and over this range of currents there was no rectification: 
on reversing the direction of a current pulse, the observed voltage pulse was 
not detectably changed except for the reversal of its polarity. * 

Since the distance, and hence the resistance, between each upper or lower 
electrode and its twin was small compared with that between the upper pair 
and the lower pair, the ratio of the steady potential reached to the current 
flowing was very nearly equal to the resistance between the upper pair and 
the lower. To analyse the components of this resistance, the coats of the 
eye were successively removed. From some eyes, an attempt was first made 
to remove the retina, without injury to the pigment epithelium. This was 


possible only in dark-adapted eyes, since in light-adapted eyes the pigment | 


epithelium adhered closely to the retina and came away with it; and only for 
two of the eyes from which removal of the retina was attempted did it appear 
on close inspection of the retina that no traces of pigment epithelium had been 
torn away. From two light-adapted eyes the retina and pigment epithelium 
were successfully removed together, without any apparent damage to the 
choroid. After removal of the retina, or of the retina and pigment epithelium 
together, the eye was replaced in the apparatus, the lost vitreous being replaced 
if necessary with Ringer’s solution, and the resistance again measured with 
the upper electrodes in the same positions as before. The choroid, or choroid and 
pigment epithelium, were then removed and the measurement repeated with 
only the sclera in place. A final measurement was made with no part of the 
eye in the apparatus, the earthenware cup which had supported it being filled 
with Ringer’ s solution. The results of these experiments, expressed as the 
change in inter-electrode resistance on removing different parts of the ang 
paration, are given in Table 1. 

The mean inter-electrode resistance with no eye in the apparatus was 370 22. 
Since this was smaller than the resistance of the eye, and the length of path 
through the easily conducting Ringer’s solution and vitreous was not very 
different for current passing through different parts of the eye, the distribution 
of radial current through the retina, pigment epithelium and choroid should 
be mainly determined by the distribution of their radial resistance. If we 
make the simple assumption, based on their approximate histological uni- 
formity, that the radial resistance is the same in all parts, then the radial 
current density should be uniform, and the product of the observed change in 
inter-electrode resistance on removing a layer and its area in cm? should provide 
a good estimate of its radial resistance in Q cm*. With the sclera alone or 
sclera and choroid in the apparatus, the distribution of current will not be 
so uniform, but the assumption of exact uniformity should give a rough 
estimate of the radial resistance, the true value being probably lower than the 
estimate, . | 
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The eyes used in these experiments did not vary much in size, and the mean 
area of four of them, measured at the end of experiments by making three or — 
four radial incisions, flattening them on graph paper and counting the squares 
covered, was 0-38 cm*. Taking this mean value and those of Table 1, the 
estimated radial resistance of the retina is 197 Q cm’, of the pigment epithelium 
and choroid together 78 Q cm®, of the choroid alone 23 2 cm?, and of the 
sclera 25 Q cm?, the last two estimates being probably too high owing to non- 
uniformity of current density. For comparison, the resistance of a layer of 
Ringer’s solution of the same thickness as the sclera (160) is about 1-4 Q cm?. 


the coats of the eye. 1, light-adapted eye; 2, dark-adapted eye; 3, from these eyes some small 
fragments of the pigment epithelium had been torn away with the retina 


Change in Change in 
resistance Layer resistance 
Layer removed , | (Q) removed (Q) 
Retina + pigment epithelium + ; Sclera 107 
choroid epitheli Sclera 96 
Retina + pigment ium + Sclera 48 
pigment epithelium Sclera 63 
Retina + t + 63 
choroid 2 710° 
Retina + pigment epithelium + 
choroid 2 680 Sclera 33 
Retina + pigment epithelium + 
choroid 2 730 
Retina 2 480 
Retina onl 2 560 
Choroid pa. 24 
Choroid o 96 
Pigment epithelium + choroid 2. 180 
Pigment epithelium+choroid  jé#§ 2 190 
Pigment epithelium+choroid § 2,3 250 
Pigment epithelium + choroid 2,3 200 


The rounding of the observed voltage pulse when a square current pulse was 
passed through an opened excised eye with all its coats intact may be seen in 
Fig. 2. The degree of rounding varied little from one eye to another provided 
that the retina was intact; but killing the eye with chloroform or cocaine, or 
removing the retina with or without the pigment epithelium, always reduced 
it to a very small amount, indistinguishable from that found when nothing 
but earthenware soaked with Ringer’s solution separated the electrodes. The 
part of the impedance of the preparation responsible for the rounding resembles 
in its behaviour a parallel capacity. For the square pulses used in the present 
experiments, its effect could be adequately matched by roughly 100u¥ cm~* 
in parallel with half of the 200 Q cm? representing the ohmic part of the 
impedance loss on removing the retina. 
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The distribution of resistance, capacity and resting potential 
through the thickness of the retina 
When a microelectrode was lowered gradually, in 25 or 50 steps, through 
the vitreous humour of an eye from which cornea, iris and lens had been 
removed, the thyratron oscillator and loudspeaker having been adjusted to 
give a gain of about 30. V/semitone, it was usually found that every advancing 
of the electrode was electrically uneventful, causing no change in the pitch 
of the note produced by the loudspeaker, until suddenly, at a point where the 


Fig. 2. a, voltage pulse recorded across the coats of an opened excised eye and its supporting dish 
when @ square current pulse of 18-0,4A was passed through it—the steady level reached 
corresponds to a resistance of 1090. 6, the same after removal of retina, pigment epithelium 
and choroid. The steady level reached corresponds to 380]. c, square pulse of 21-6 mV 
recorded through a KCl-filled electrode of resistance 50 MQ. 


tip of the electrode seemed on examination through the microscope to be close 
to the surface of the retina, a large change in pitch was heard. On subsequent 
inspection of the photographic record of the low-gain direct-coupled channel, 
this was seen to correspond to a negative-going potential step of between 0-4 
and 11 mV. This negative-going potential step was generally taken as the 
criterion that the tip of the electrode had reached the surface of the retina. 
The justification for this was the complete electrical uneventfulness of all or 
nearly all movements of the electrode before it was reached (suggesting that 
the tip was then in a homogeneous medium), the fairly regular sequence of 
changes in potential and resistance as the electrode was advanced beyond it, 
and the approximately constant distance (varying between 305 and 450, in the 
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fifteen eyes for which this was satisfactorily measured) between it and the 
point at which the electrode began to bend against a firm obstacle, evidently 
the cartilaginous sclera. 

At the point where the potential showed its first negative-going step, the 
amount of random activity visible on the high-gain record usually increased. 
Such an increase in noise was found also by Ottoson & Svaetichin (1953). In 
the present experiments it was not, as in those of Barlow (1953) with a 20 mm 
platinum electrode, mainly due to an increase in impedance at the junction 
between the electrode and the preparation; it could easily be shown to be due 
largely to microphonicity of the electrode. While the tip of the electrode was 
in the vitreous or, in a physical experiment, immersed in Ringer’s solution, its 
microphonicity was less than that of the preamplifier, which was small. As 
soon a8 the tip entered the retina, it became very microphonic, so that, 
despite the anti-microphonic mounting of the heavy iron box containing the 
preparation and electrode, vibrations transmitted from the camera motor 
often caused a visible electrical disturbance. The degree of microphonicity 
varied from point to point as the electrode was advanced through the retina. 
It was usually greater in a freshly excised eye than in one that had been in the 
apparatus for an hour or more, and very much less in a dead eye. 

In all the experiments of this section, between each 25 or 50 movement 
of the microelectrode, a square current pulse, usually of 16-84A, was passed 
between a silver wire electrode in the vitreous and one of the twin silver wire 
electrodes below the eye, and the voltage pulse recorded by the microelectrode 
was measured, This gave a measure of the radial resistance between the layer 
of the retina or choroid in which the tip of the electrode lay and the twin 
electrodes below the eye. In every experiment a very conspicuous landmark 
was found, to which other phenomena, less conspicuous or less consistently 
obtained, could conveniently be referred. At a depth from the surface of the 
retina varying from 150 to 300, but most often 225 or 250, one step of 
25 or 50 caused a sudden diminution in the size of the voltage pulse 
produced by a given square current pulse, and at the same time a complete or 
very nearly complete disappearance of rounding, as if the electrode had in 
that step passed through a membrane of high resistance with a large capacity 
in parallel. This hypothetical membrane is referred to as the “R membrane’. 
Its probable anatomical nature will be discussed later. In the same 25, or 
50 step which produced the large fall in resistance, a fall in potential was 
found, usually of between 10 and 30 mV, but once (in thirty-five experiments) 
as large as 41 mV, once as small as 2 mV, and once a rise of 4 mV. 

In many experiments, when the large fall in resistance had been found, the 
electrode was withdrawn by the same amount (50 or 25) that had been 
required to produce it; and this single step backwards usually sufficed to 
restore the resistance, the rounding of the voltage pulse, and approximately the 
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initial steady potential level. This provides good evidence that the retina had 
not been much distorted by the electrode, so that the true distance between the 
retinal surface and the structure responsible for the large change in resistance 
and capacity cannot be very different from. the distance moved by the 
microelectrode between reaching the retinal surface and causing the fall in 
resistance. 
TABLE 2 

of all observa- 
2008 3008 expts. Range tions 
(1) Distance from anterior surface | 


of retina to R membrane 
(down through membrane) (yz) 230 215 233 160-300 32 


frozen sections of the same 

eye 278 315 2 
(5) in resistance on crossing 

R membrane (Q) 250 410 271 100-560 20 
(6) Time-constant of R membrane 

(msec) 95 7 About 10 6-15 (approx.) 20 

Ca of R membrane 

and 6) (uF) 38 17 About 40 20 
(8) Difference of potential across 

R membrane (mV) 19-5 -8-9 -172 -4lto +5 35 


Measurements relating to the R membrane are collected in Table 2. The 
first two columns of this table are from two exceptionally complete experi- 
ments carried out in the following manner. 


The electrode was advanced slowly through the vitreous until the first negative-going potential 
step was heard, and the micromanipulator reading noted. It was then withdrawn and advanced 
again to the first negative-going potential step. The two micromanipulator readings were in each 
experiment found to agree within 5 u. Photograp ds of the electrical response toilluminating 
the whole retina and of the potential change on passing a square current pulse of 16-8 uA were 
obtained. The electrode was then advanced quickly by 150 u, and further records obtained. From 
this point it was advanced slowly until the large negative-going potential step corresponding to 
the R membrane was reached, and the responses to illumination and to a square current pulse 
again recorded. It was then withdrawn slowly until the previous potential level was restored. 
This occurred suddenly after withdrawals of 60 and 20, in the two experiments and was found 
on subsequent inspection of the photographic record to be accompanied by restoration of the 
resistance and capacity characteristic of the R membrane. Finally the electrode was advanced 
until it could be seen, on inspection through the microscope, to begin to bend against a firm 
obstacle, assumed to be the sclera. The point at which this occurred was in these two experiments 


(though not in all others) very well-defined, and its measured position is unlikely to be in error 
by more than 10,.. 


| 
(2) Distance from anterior surface 
of retina to R membrane 
(up through membrane) 170 195 2 
(3) Distance from anterior surface 
of retina to sclera (by micro- 
| electrode) (,) 350 450 373 305-450 15 | 
i. (4) The same distance (3) mea- 
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_ Sections of these two eyes were cut at 20 thickness on a freezing microtome 
and examined and measured unstained in Ringer’s solution within half an 
hour of the end of the experiments. 

The other data of Table 2 are collected from many experiments, in most of 
which the electrode was moved in steps of 251. Each measurement of distance 
may thus be in error by as much as 25, in either direction. 

_As the microelectrode was moved through the retina each step forward 
usually produced a change in the steady potential recorded. Two of these 
changes, that at the surface of the retina and that corresponding to the 
R membrane, were obtained consistently, and have already been mentioned. 
The other changes found did not follow a clear pattern that could be identified 
in every experiment; but in about half the experiments the following sequence 
was observed. The negative-going step corresponding to the anterior surface 
of the retina was followed by further negative-going steps of from 0-5 to 10 mV 
on the next one, two or three advancements of 25 u, then by one positive- 
going step of from 6 to 18 mV, then by no further change in potential until 
the R membrane was reached at about 250 depth. Beyond the R membrane 
there was usually no change in potential until the electrode bent against the 
sclera. 

In one experiment, at a depth of 50 from the anterior surface of the retina, 
a negative potential step of 76 mV was found. The potential was maintained 
constant for about 15 sec, during which a record of the electrical response to 
illumination of the whole retina was obtained. This response was of the same 
shape as the normal electroretinogram, with a-, b- and d-waves, and did not 
include any spikes. After 15 sec the potential started to rise rapidly, without 
the electrode having been moved, and within 30 sec more had become steady 
at almost its initial level. Transient large negative steps were observed on 
about twenty other occasions during these and similar experiments, though 
no other was as large as 76 mV or lasted as long as 15 sec. It seems likely that 
they were due to penetration of a large nerve cell by the tip of the electrode. 


Histological measurements 

Measurements were made on paraffin sections, stained with haemalum and 
van Gieson’s stain, of nine eyes fixed in Susa’s fixative, and on unstained 
sections cut on a freezing microtome and examined in Ringer’s solution of the 
two eyes to which the first two columns of Table 2 refer. The results are shown 
in Table 3. It can be seen that there are considerable variations from the mean 
values, These variations were much greater from one retina to another than 
from place to place in the same retina, provided that the extreme anterior 
part (which was in any case not used in any of the microelectrode measure- 
ments), and any part in which, from the appearance of the rods and cones, 
the section could be seen not to be truly radial, were excluded. 
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Taste 3. Distances in microns from the anterior surface of the retina in sections of eleven frogs’ 
eyes. Columns 1 to 9 give measurements from stained paraffin sections, 1 to 4 being light- 
adapted and 5 to 9 dark-adapted. Columns 10 and 11 are from unstained frozen sections of 
the eyes of experiments 29a/3 and 30a/3, for which other data are given in Table 2. Column 12 
gives the mean of columns 1-9, and column 13 these means corrected, assuming uniform 
shrinkage, for a total thickness of 373 


Middle of ganglion cell wl — 18 
layer 

Beginning ofinner nuclear 71 53 82 84 7 45 6 92 59 — — 68 JWI 
layer 

End of inner nuclear la 119 90 127 141 Ill 85 98 137 89 — — 110 164 
Beginning of outer nu 131 98 140 155 124 91 105 152101 — — 122 182 
la 


yer 
External limiting membrane 146 112 158 178 146 102 120 170 112 139 153 138 206 
Posterior boundary of pig- 214 169 225 259 210 175 194 252 174 233 264 208 310 


ment epithelium 
Posterior of 245 207 266 301 — 224 259 284 217 278 315 250 373 
choroid 
DISCUSSION 
The properties and anatomical nature of the R membrane 
The name ‘R membrane’, introduced for brevity in referring to a conspicuous 
group of phenomena regularly observed when an electrode was advanced 
through the retina from its anterior surface, assumes that there is an anato- 
mical structure responsible for the phenomena, but does not prejudge the 
question of what this anatomical structure may be. The clearest evidence on 
its site comes from the Expts. 29a/3 and 30a/3 of Table 2. The point at which 
the electrode first penetrated the R membrane must certainly be at or beyond 
that membrane’s position in the undisturbed state, and the point at which it 
passed through on withdrawal must almost certainly be at or short of the 
- undisturbed position. Allowing +5, for the uncertainty in position of the 
anterior surface of the retina, this fixes the R membrane at between 165 and 
235 » from the anterior surface of the retina in experiment 29a/3 and between 
190 and 220 in 30a/3. The total thickness of retina and choroid in the frozen 
sections was in both experiments less than the same thickness measured by 
microelectrode. Since the microelectrode was certainly not more than 20° 
from perpendicular to the retina, the sections had presumably shrunk. The 
agreement of their measurements with those of paraffin sections, for 
which shrinkage is to be expected, support this conclusion. Assuming 
provisionally that shrinkage is uniform, the corrected histological distances 
are, from the anterior surface of the retina to the external limiting membrane, 
175p in 29a/3 and 217 in 30a/3, and from the anterior surface of the retina 
to the posterior surface of the pigment epithelium, 293 1 in 29a/3 and 378, in 
30a/3. These distances agree well with the hypothesis that the R membrane 
is the external limiting membrane or some structure very close to it, and they 
contradict fairly clearly the hypotheses that it is the pigment epithelium, or 
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(taking into account the measurements on stained sections) that it lies in or 
anterior to the inner nuclear layer. The results of the other experiments shown 
in Table 2, though they are less complete, support these inferences. The 
observation of p. 343 that the rounding of the voltage pulse due to the passage 
of a square current pulse was abolished by removing the retina (the pigment 
epithelium remaining apparently intact) provides further evidence that the 
R membrane is not the pigment epithelium. 

The only structure close to the external limiting membrane which seems 
likely, from its histological appearance, to be a complete transverse barrier 
of high electrical resistance and capacity is the external limiting membrane 
itself. The work of Sjéstrand (1953), who inferred from electron micrographs 
of ultra-thin sections of guinea-pig retinae that the external limiting membrane 
is not continuous, but consists of rings or collars around the bases of the inner 
segments of the rods, does not seem to favour this interpretation, since the 
high resistance and time-constant of the R membrane preclude its having 
substantial gaps; but the other layers of the retina (bacillary, outer nuclear 
and outer synaptic layers) which are admissible on grounds of distance are 
so barren of any visible transverse barrier that the identity of the R membrane 
and the external limiting membrane seems the most likely hypothesis. 

The mean membrane time-constant of the R membrane (about 10 msec) is 
a little lower than that of the cell membrane of the frog’s muscle fibres (Katz, 
1948; Fatt & Katz, 1951) and a little higher than most other cell membranes 
which have been investigated (e.g. 2:3 msec, Homarus axons, Hodgkin & 
Rushton, 1946; 4 msec, motor neurones of cat spinal cord, Brock, Coombs & 
Eccles, 1952). The capacity of the R membrane, averaging about 100uF cm-*, 
is very much higher than that of most cell membranes; nearly all the values 
collected by Cole (1942) lie between 0-5 and 3uF cm-*, though Fatt & Katz 
(1953) found the very high value of 40.¥ cm~ for crab muscle fibres. If the 
R membrane is a single membrane with thickness of the order of 100 A and 
a reasonable dielectric constant, it must be much folded, either on a micro- 
scopic or a submicroscopic scale. If it is in fact the external limiting membrane, 
the required folds could possibly be the cell membranes of the rods and cones 
which pierce it. 

The retinal resting potential 

It has long been known (Bois-Reymond, 1849) that the cornea of the intact 
vertebrate is electrically positive in relation to the posterior part of the sclera. 
This resting potential, usually about 6 mV in the frog, may be in part due to 
the lens (Brindley, 1956a). Of that part which is retinal in origin, the present 
results suggest that it is the sum of potential steps occurring in several layers 
of the retina. The largest was in these experiments nearly always that at the 
R membrane. The anterior surface of the retina was associated with a smaller 
step of the same polarity, and in about half the experiments a well-defined step 
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of opposite polarity occurred at an apparent depth of from 50 to 125y. 
The latter two steps were never associated with large changes in radial 
resistance. 

Observations on the steady potentials recorded by intraretinal micro- 
electrodes have been published by Tomita (1950) and Ottoson & Svaetichin 
(1952). Tomita, using electrodes of 7 to 15y external diameter, found that 
the potential changes observed on advancing the electrode were not reversible 
on withdrawing it, and concluded that they were mainly due to injury. This 
would not apply to the present experiments, where the change in potential 
across the R membrane was always, and the other changes usually, approxi- 
mately reversible on withdrawing the electrode. Ottoson & Svaetichin, using 
electrodes similar to the present ones, concluded from experiments which are 
described only very briefly that the retinal resting potential arises wholly 
from the receptors. They found that the ‘steady potential (6-10 mV) did not 
undergo any changes until the electrode had reached a depth of approximately 
150-175 u. When the electrode was inserted deeper (200-225,), the steady 
potential dropped to zero.’ The present experiments never revealed a pattern 
quite like this; but they agree in that the largest change in potential (R mem- 
brane) was commonly at a depth of 200-225 pn. 

It remains to be considered whether the observed changes represent true 
differences of potential. Alternative possibilities are: 

Change in electrode resistance. In a few experiments the resistance of the 
electrode was measured at every step as it was advanced through the retina. 
In no step did it ever change by more than 2 MQ, corresponding, with a grid 
current of 7x 10- A, to a potential difference of 14uV. This was quite 
negligible in comparison with the changes in potential observed. 

Effect of mechanical conditions around the electrode tip. No apparent potential 
changes exceeding 100.V were observed when electrodes were advanced 
through the retinae of eyes killed by immersion in chloroform for an hour and 
then equilibrated with Ringer’s solution for 24 hr, though the mechanical 
disturbances (including contact with the sclera) should have been similar to 
or more severe than those met in the living retina. These experiments on dead 
eyes did, however, indicate that mechanical factors may be concerned to some 
extent in the variations in microphony found as an electrode was advanced 
through living retina. The main cause of this microphony is likely to be the 
presence of a large electric field around the tip of the electrode; but contact 
of an electrode tip with dead sclera was found to produce, apparently purely 
for mechanical reasons, a detectable increase in microphony, though not as 
large as was commonly found in the living retina. 

Effect of chemical conditions arownd the electrode tip. The effect of variations 
in ionic composition within physiological ranges on the junctional potential 
at the tip of an electrode filled with 3m-KCl solution should be small, and it 
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seems unlikely that they account for a large part of the present changes; but 
further physical investigations of the properties of these electrodes will be 
required before their contribution can be accurately assessed. 


The effect of illumination on the radial resistance of the retina 

If a constant current is passed between the inside and the outside of the eye, 
a change in radial resistance will show itself as a change in the potential 
difference across the eye. If such a change in radial resistance occurs duri 
illumination, the resulting change in potential difference will be added to the 
electroretinogram. For this to be the explanation of the effects of polarizing 
currents on the electroretinogram discovered by Granit & Helme (1939), 
a necessary condition is that the difference between the modified and un- 
modified electroretinogram be proportional to the polarizing current. Benoit 
& Cornu (1953) did not find this to be so: in their experiments the effects of 
currents between 50 and 100uA were opposite to those of large currents of 
the same polarity. 

In the present programme the effects on the electroretinogram of steady 
polarizing currents between 33 and 467A were tested on three eyes. In all 
of these, large currents from back to front of the eye greatly increased the 
height of b- and d-waves without obviously changing their shape, and the 
same currents in the opposite direction greatly decreased the height of the 
b-wave and abolished or inverted the d-wave. The effects of the smallest 
currents (33 and 67 A) were similar to but much smaller than those of large 
currents. Accurate measurement of the records was made difficult by the 
considerable drift of base line caused by the large polarizing currents, but as 
far as could be detected all effects were proportional to the currents producing 
them. These experiments thus do not contradict the hypothesis that the 
phenomena are due to a change due to illumination in the radial resistance of 
the retina. If this explanation is correct, the change required to explain the 
present results is a decrease in resistance of similar time-course to the b- and 
d-waves of the electroretinogram, and amounting at its peak to between 
0-3 and 0:8 Q. 

SUMMARY 

1. The radial electrical resistance of the coats of a frog’s eye from which 
cornea, iris and lens have been removed is about 800 Q, or 300 Q cm?, of which 
about 200 Q cm? is lost when the retina is removed. 

2. The eye behaves in relation to square pulses of radia! current as if it has 
a capacity of about 100.F cm-*in parallel with one-third of its radial resistance. 
All or nearly all of this apparent capacity is lost when the retina is removed. 

3. When a microelectrode is advanced through the retina from its anterior 
surface, the resistance and capacity between the tip of the microelectrode and 
the sclera show a sudden large decrease, reversible on withdrawing the electrode, 
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at a mean depth of 233, from the surface of the retina. At the same point, 
the potential of the tip of the electrode falls suddenly, usually by between 
10 and 30 mV. A structure, the ‘R membrane’, is postulated to account for 
these properties, and is provisionally identified with the external limiting 
membrane. The resistance of the R membrane is about 270 Q, or 100 Q cm?, 
and its capacity, as estimated from square current pulses, about 40uF, or 
100 uF cm-*. 

4. The changes of potential found as an electrode is advanced through the 
retina indicate that the largest component of the retinal resting potential is 
the potential difference across the R membrane. 

5. The effects of steady polarizing currents on the electroretinogram may 
be largely due to a decrease during activity, amounting at its peak to between 
0-3 and 0-8 Q, in the radial resistance of the retina. This is of the order of 
0-1% of the total retinal resistance. 

I am indebted to Dr W. A. H. Rushton for suggesting the measurement of radial resistance by 


passing a known current through the preparation, and to the Medical Research Council and the 
Royal Society for grants towards the cost of apparatus. 
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THE EFFECT ON THE FROG’S ELECTRORETINOGRAM OF 
VARYING THE AMOUNT OF RETINA ILLUMINATED 


By G. §. BRINDLEY 
From the Physiological Laboratory, University of Cambridge 
(Received 25 May 1956) 


Adrian & Matthews (1927) found, for the frog and conger eel, that the latency 
of the electroretinogram (e.r.g.) lengthened as the area of retina illuminated 
decreased; and this finding was confirmed for the cat by Granit (1933) and 
Creed & Granit (1933). If, in these experiments, the responses recorded really 
came from the areas of the retina intentionally illuminated, the results would 
provide very strong evidence that the earliest part of the e.r.g. is not generated 
by the rods and cones, for a rod or cone presumably cannot during the latent 
period be influenced by whether or not its neighbours are being illuminated. 
Evidence has however been brought forward that for the rabbit (Fry & 
Bartley, 1935), and for the human eye (Boynton & Riggs, 1951; Asher, 1951; 
Boynton, 1953), the e.r,g. recorded for a retinal image within the range of 
sizes known to have a large effect on latency is mainly due not to the image 
itself, but to stray light falling on the rest of the retina. This important con- 
clusion, deduced elegantly but from indirect evidence, has not been universally 
accepted (Granit, Rubinstein & Therman, 1935; Granit, 1947, 1955); and the 
experimental results of Wirth & Zetterstrém (1954) in the cat may be difficult 
to reconcile with it. The present experiments on opened excised eyes of the 
frog strongly support, for this species, the conclusions of Fry & Bartley and of 
Boynton & Riggs, and at the same time show that, with the method here used 
to eliminate the effects of stray light (a steady illumination of the whole 
retina upon which the test stimuli were superimposed), the electroretino- 
graphic responses to illumination of different areas of the retina are to a close 
approximation simply additive. It may thus be unnecessary to postulate any 
lateral interaction in the production of the frog’s e.r.g. 


RESULTS 

The apparatus used is described in the preceding paper (Brindley, 1956a). 

Test stimuli were of 0-63 sec duration, the opened excised eyes were light- 

adapted, and the e.r.g. was recorded with a condenser-coupled amplifier of 

over-all time-constant 0-77 sec. The anterior electrode was a saline-filled 
micropipette whose tip lay in the vitreous. | 
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The effect of a steady background, wpon which the test stimulus 
18 superimposed 

The e.r.g. resulting from a flash superimposed on another which precedes 
it by less than one second varies in a complex manner with the time-relations 
of the two flashes (Andrée & Miilier-Limmroth, 1954). We are here concerned 
only with the effects of steady backgrounds, with which the retina has come, 
at least approximately, into equilibrium, and in particular with the following 
two questions: 

(1) How strong must such a background be to abolish the response to 
a superimposed stimulus? 

(2) How weak must it be to have little effect on the response to a super- 
imposed stimulus? 


Stimulus (im/m?) 
22 


Fig. 1. Effect of a steady background on the e.r.g. provoked by a superimposed stimulus. 
_ Column headings, intensity of stimulus in Im/m*; row headings, intensity of background in 
lm/m*; each stimulus was of duration 0-63 sec, and its beginning and end are marked by 
downward and upward artifacts respectively. | 


The results of one experiment designed to answer these questions are shown 
in Fig. 1. The backgrounds were applied in the order of the rows of the figure, 
and for each background, after an interval of one minute for the retina to come 
approximately into a steady state, the test stimuli were given in ascending 
order of brightness at intervals of about 20 sec. Comparison of the last row with 
the first shows a decrease in size of the responses during the sixteen minutes 
that the experiment occupied. Such a decrease was sometimes observed in 
other experiments where no light fell on the preparation during the interval. It 
was usually greater when che vitreous humour was left in place (as in the 
experiment of Fig. 1) than when it was removed. It is thus likely that it 


depends more on lack of oxygen or accumulation of carbon dioxide than on 
light-adaptation. 
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Our two questions may be answered from Fig. 1 (and other experiments gave. 
substantially the same result) as follows: Weber’s law is approximately valid 
for the frog’s e.r.g. over the range tested. A steady background ten or more 
times as bright as a superimposed stimulus abolishes the response to it. The 
effect of a steady background one-tenth as bright as the superimposed 
stimulus is small, though not undetectable. 


Fig. 2. Effect of a steady background of 22 im/m® on the 6.r.g. provoked by a superimposed 
stimulus of 220 lm/m*, a, eye equilibrated with the background for 5 min; 6, 5-1 sec after 


extinguishing the background; ¢, 2-3 sec after restoring the background, which had been 
extinguished for 6-7 sec. 


In the remaining experiments of this and the subsequent paper (Brindley, 
1956), test stimuli of 220 lm/m* were used; and to prevent stray light from 
the stimulating beam from provoking a response from areas of retina not 
intentionally illuminated, it was superimposed on a steady background of 
22 lm/m*, Further information on the effect of such a background on the 
response to such @ stimulus is presented in Fig. 2. In the responses obtained 
in the presence of the background, the b-wave is of about the same height but 
shorter, and the d-wave higher but shorter, compared with that obtained in 
the same long-term adaptional state but without background. These dif- 
ferences, though not large, were consistently found in similar experiments, 
and can be seen also in Fig. 1, although the long-term adaptational state was 
there not the same. The other difference seen in Fig. 2, the exceptionally 
large a-wave of the response obtained without background, is a feature 
peculiar to responses recorded within « few seconds of extinguising an 
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adapting light. It is very similar to the effect of brief stimulating lights 
on the response to re-illumination, first described by Granit & Riddell 
(1933). 


The relation between the area illuminated and the size of response 


The preceding section shows that a steady background of 22 lm/m? has no 
very large effect on the response to a test stimulus of 220 lm/m* when the 
test stimulus occupies the whole retina, and provides some basis for the 
supposition that its effect may also be small when the test stimulus occupies 
only a part of the retina. The evidence that it achieves its other aim of 
abolishing the response to stray light is as follows. 

(1) In a photometric experiment, when the test field was focused on white 
blotting-paper, the stray light, even for the largest test field used, nowhere 
exceeded 1/200 of the field brightness. The retina is less favoured than blotting- 
paper in having vitreous in front, but more favoured in having black pigment 
behind. If, as seems almost certain, the stray light on the retina does not 
exceed +4, of the field brightness, the experiment of Fig. 1 shows that it will 
cause no response. 

(2) At the end of experiments, perhaps as a result of oxygen lack, eyes in 
which much of the vitreous had been retained were sometimes found to 
respond very poorly, and in one case not at all, to illumination of the central 
part of the retina (background being present), though the peripheral part still 
responded well. If the stray light from the test field on the central retina 
had been strong enough to stimulate the periphery, presumably it would have 
done so. 

. The responses to circular test stimuli of diameters 0-343, 0-59, 0-80, 1-56 and 
2-07 mm and to illumination of the whole of the same retina are shown in 
Fig. 3. The smallest stimulus gave no detectable response, and the responses 
to the larger stimuli are very nearly identical one with another if scaled in 
proportion to the areas illuminated. Similar experiments on three other eyes 
gave results almost identical with those of Fig. 3. 


The additivity of the response for large areas 

For fields of more than 22 mm diameter, curvature of the eye makes the 
area of retina illuminated depart substantially from the calculated area of the 
image; so to test for additivity of the response to stimuli of greater area, 
a square field stop was made, to be placed at H, in fig. 1 of Brindley (19562), 
by means of which nine contiguous non-overlapping regions, together covering 
the whole retina, could be separately illuminated, and the sum of the responses 
to each of the nine separately compared with that to illumination of the whole 
retina at once. The results of a typical experiment are shown in Fig. 4. The 
responses to illumination of the separate regions are similar in shape to the 
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Fig. 3. Relation between area illuminated and the size of the e.r.g. produced. 
Stimuli were circular, diameters in mm. 


™ 


0-5 mV 


sec 


Fig. 4. Responses to illumination of different parts of the retina, and all of them together. The 
retina was divided by a square grid into nine parts (not equal, because of curvature and 
because the outer ones overlapped the edge of the eye). Above are shown, in their correct 
anatomical relation, the responses to illumination of each part separately; and below, that 
to illumination of all nine together (i.e. of the whole eye). 
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large-field e.r.g., and their sum reproduces it fairly well, except that it is 
about 20°%, too large. Since it was the geometrical images that were to touch 
without overlapping, and any imperfections in the images due, for example, to 
refraction at the air-vitreous interface must cause some overlap, this result is 
not inconsistent with perfect additivity of the responses, and it establishes 
that under the conditions of the present experiments they are at least approxi- 
mately additive. 
DISCUSSION 

Responses to the illumination of different areas should be additive if the retina 
and its conducting environment behave as linear circuit elements, the im- 
pedance of the sources does not change during activity, and there is no 
physiological interaction in production of the e.r.g. between the retinal areas 
concerned. The preceding paper shows that the first two of these conditions 
hold sufficiently accurately, since the probable decrease by 0-1 °%, in the retinal 
resistance during activity is too small to affect the present results. In so far, 
then, as these results demonstrate additivity in the frog’s e.r.g., they make it 
- unnecessary to postulate any interaction between different parts of the retina 
in its production. 

We cannot be certain, though the results of the first two sections of this 
paper make it probable, that properties of the e.r.g. in the presence of a steady 
background are valid for the e.r.g. obtained without background. But if this 
extension ¢s valid, then all stimuli of less than about 0-5 mm diameter give 
an e.r.g. too small to be detected, and the effects of area on the latency of the 
frog’s e.r.g. found by Adrian & Matthews are due to stray light, and can be 
discounted as evidence for interaction. Strong support for this conclusion was 
obtained by applying to the frog’s eye a modification of one of Fry & Bartley’s 
experiments. Two spots of plane-polarized light of diameter 0-343 mm were 
projected on to a frog’s opened eye, their axes of polarization being perpendi- 
cular. In the absence of background, switching either alone on or off by 
rotating an analysing polaroid in front of the eye caused an electrical response 
exceeding 150,,V; but if in this same way one was switched on and the other 
simultaneously off, then by suitably adjusting their relative brightness, rota- 
tion of the analysing polaroid could be made to give no trace of response. 

Experiments like that of Fig. 4, besides demonstrating that the responses 
of different large areas are, at least approximately, additive, show that there 
is no substantial difference in the frog between the e.r.g. produced by central 
and peripheral retina. This is of interest in connexion with the hypothesis of 
Ottoson & Svaetichin (1952) that the positive components of the e.r.g. 
originate in rods and the negative in cones, since the principal evidence for 
this hypothesis, which is unacceptable on other grounds (see Brindley, 19565), 
was derived from differences between the responses of central and periphera! 
retina as recorded with microelectrodes. 
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SUMMARY 


1. In the frog, the e.r.g. is abolished by superimposing the test stimulus on 
a steady background of ten times its brightness, and is little affected by 
superimposing it on the one of one-tenth of its brightness. Weber’s law holds 
approximately over the range tested (backgrounds from 2-2 to 69 lm/m?). 

2. In the presence of background, the e.r.g. obtained on illuminating a 
small area of retina is simply proportional to the area illuminated. The large 
responses obtained by illuminating small areas of the retina in the absence 
of background are probably due to stray light. 

3. The e.r.g. obtained on illuminating the whole retina is, at least approxi- 
mately, the sum of the responses obtained on illuminating all parts of it 
separately. There is no substantial difference, in the frog, between the e.r.g. 
produced by central and peripheral retina. 


This work was made possible by grants towards the cost of apparatus from the Medical Research 
Council and the Royal Society. 
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RESPONSES TO ILLUMINATION RECORDED BY 
MICROELECTRODES FROM THE FROG’S RETINA 


By G. 8. BRINDLEY 
From the Physiological Laboratory, University of Cambridge 
(Received 25 May 1956) 


Since the discovery of the electroretingram by Holmgren in 1865, very many 
attempts have been made to discover what structures in the eye generate it. 
Holmgren himself proved that it did not arise from the iris orciliary body, when 
he found (1871) that it was not substantially altered if the anterior half of the 
eye was cut away. Later he (Holmgren, 1880), and independently and in more 
detail Kiihne & Steiner (1880), proved that the retina itself was the source by 
showing that the retina removed from the opened excised eye of a frog gave 
electrical responses to light similar to those of the opened eye before removal — 
of the retina, whilst the shell of sclera, choroid and pigment epithelium left 
behind was entirely unresponsive. Kiihne & Steiner (1881), analysing the 
problem further, inferred that the electrical responses arose in the rods and 
cones, and not in the nerve cells of the retina. Their evidence was first that the 
stump of the optic nerve of an excised frog’s or fish’s eye ceased to respond 
electrically to illumination of the retina long before the eye itself, although 
the optic nerve fibres could be proved still to be functioning by their responses 
to electrical stimulation within the eye; and secondly that the isolated retina 
of the pigeon continued to respond to light for up to 50 min, though the 
nerve cells of its spinal cord ceased entirely to function within 5 min of 
beheading. 

Since the first application of rapidly responding instruments to the study of 
the e.r.g. by Gotch (1903: capillary electrometer) and Einthoven & Jolly 
(1908: string galvanometer), the complexity of the time-course of the response 
and of its modification by such factors as light- and dark-adaptation has 
provoked many authors to postulate two or three components, adding to give 
the observed response. Such analyses were made by Waller (1900), Einthoven 
& Jolly (1908), Piper (1911), Tirala (1917), Chaffee, Bovie & Hampson (1923) 
and Granit (1933). Tirala’s analysis is very similar to that of Kinthoven & 
Jolly, and Granit’s to Piper’s, and these four all agree in separating the very 
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slow c-wave from the rest of the e.r.g.; but otherwise the analyses show great 
diversity, without conclusive evidence to distinguish between them, though 
the experimental basis of Granit’s, coming originally from the effects of ether 
and asphyxia, and receiving support from the effects, subsequently discovered 
by Therman (1938) and Bernhard & Skoglund (1941), of potassium chloride 
and alcohol, is less tenuous than that of the others. 

Concerning the sources within the retina of the components, Waller and 
Kinthoven & Jolley and Piper made no suggestion. Tirala and Chaffee, Bovie & 
Hampson suggested that all the components of their analyses arose in the 
receptors, but gave no new experimental evidence in support of this con- 
clusion. Granit (1933) wrote of his component PI (i.e. the c-wave): ‘Its 
reactions to ether and asphyxia indicate a process of central origin (retinal 
synapses, cell bodies)’. Later (1947), he suggested that PIII probably arose 
from the receptors and PII somewhere in the neural pathways between the 
receptors and the ganglion cells. 

Evidence that the retinal ganglion cells do not contribute substantially to 
the e.r.g. was provided by the observation of Granit & Helme (1939) that 
antidromic electrical stimuli to the optic nerve, whether given before, during 
or after illumination of the retina, have no influence on the form of the e.r.g. 
recorded. The spike potentials set up by these antidromic stimuli have been 
shown in other experiments (Granit, 1955) to spread to the ganglion cells, 
and it seems unlikely that any slow potentials generated by the ganglion cells 
would be uninfluenced by these spikes. 

Noell (1954), from the electrical and histological effects of azide, iodate and 
iodoacetate on the rabbit’s eye, has concluded that the c-wave of the e.r.g. 
arises from the pigment epithelium. His deductions concerning the a-, b- and 
d-waves are tentative, and necessarily so, since none of the chemical agents 
used injured the neural layers of the retina without affecting the receptors, 
and agents such as iodoacetate, which severely injure the receptors without 
apparently harming the neural layers, would be expected to affect the e.r.g., 
whatever its origin within the retina. 

Further evidence from the action of injurious substances on the retina is 
provided by the observation of Ottoson & Svaetichin (19536) that application 
of solutions of cocaine or urethane either to the anterior surface or to the 
exposed receptor surface sometimes abolished all spike activity in the retina 
and optic nerve without affecting the e.r.g. This, like the similar observation 
of Kiihne & Steiner (1881) on retinae that had long been excised, is good 
evidence that the ganglion cells do not substantially contribute, but does not 
exclude cells of the inner nuclear layer as sources, since some, at least, of these 
might produce slow potentials and not spikes, and be resistant to cocaine and 
urethane. 

During the past few years a number of observations have been published on 
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changes of electrical potential, slower than the spike potentials of the retinal 
ganglion cells and comparable in time-course with the e.r.g., which have been 
recorded with microelectrodes (Tomita, 1950; Tomita, Funaishi & Shino, 
1952; Tomita & Funaishi, 1952; Tomita, Mizuno & Ida, 1952; Ottoson & 
Svaetichin, 1952, 1953a, 6; Svaetichin, 1953a, 6; Best, 1953). 

It might reasonably have been hoped that these investigations would decide 
the questions which had been so long in dispute, and make it possible at least 
to separate the contributions that the several layers of the retina make to the 
e.r.g. Ottoson & Svaetichin have indeed drawn a conclusion of this form, 
namely that the e.r.g. arises solely from the receptor layer, and that the rods 
contribute only positive components and the cones only negative; but the 
latter deduction seems quite inconsistent with the extreme slightness of the 
effect of wave-length on the frog’s e.r.g. in both dark-adapted and light-adapted 
states (Kohlrausch, 1918; Chaffee & Hampson, 1924; Granit & Munsterhjelm, 
1937; Granit & Wrede, 1937; Forbes, Burleigh & Neyland, 1955), and though 
the former is based on several independent pieces of evidence, no one of these 
is absolutely compelling. This doubt and the large apparent discrepancy 
between the results of Ottoson & Svaetichin and those of Tomita and his 
collaborators, where they did substantially similar experiments, provoked the 
present investigation ; in which, by techniques similar to those of Tomita and 
of Ottoson & Svaetichin but making much more use of variations in the 
spatial distribution of the stimulus and in its relation to the recording electrode, 
evidence is obtained concerning the sources of the several different kinds of 
slow electrical responses which can be recorded from the frog’s retina, and the 
extent to which these several kinds of slow electrical responses recorded with 
intraretinal electrodes contribute to the e.r.g. as recorded between large 
electrodes on opposite sides of the whole retina. 


METHODS 


Preparation. All the experiments were carried out on excised eyes of Rana temporaria. To 
approach the anterior surface of the retina, the cornea, iris, ciliary body and lens were removed 
together in one piece. This preparation, as Barlow (1953a) noted, lasts better if nearly all the 
vitreous is removed. Nevertheless, in the majority of the present experiments, most of the 
vitreous was retained, since it was required as an electrical conductor. 

To approach the posterior surface of the retina, a technique very similar to that described by 
Ottoson & Svaetichin (19535) for their ‘inverted preparation’ was used. The frog was first dark- 
adapted for at least an hour and usually during the night, to ensure that the cells of the pigment 
epithelium were retracted. It was then pithed, one eye quickly excised in dim light, the sclera cut 
away in two or more pieces, and the choroid and pigment epithelium stripped off with fine forceps. 
The exposed outer segments of the rods were usually in some areas of the retina damaged or torn off 
during the stripping, but on inspection under a microscope at 100 diameters magnification some 
areas could always be found where they appeared to be undamaged, and experiments were usually 
made on these areas only. 

In view of the observations of Kiihne & Steiner (1881), Therman (1938) and later authors on 
the harmful effects of isotonic sodium chloride solution or Ringer’s solution on the frog’s retina 
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no artificial solutions were allowed to come into direct contact with the retina, except in a few of 
the experiments on the inverted preparation. Ringer’s solution in contact with the posterior 
surface of the sclera appeared to have no harmful effect on the retina. 

Apparatus, This is described in an earlier paper (Brindley, 19565). In the great majority of 
experiments, including all those shown in the figures, white stimuli of duration 0-63 sec and 
intensity 220 lm/m* were used, superimposed on a steady background of 22 lm/m!. 


RESULTS 
The form and localization of the electrical responses to illumination recorded 
from the posterior surface of the receptors 

Ottoson & Svaetichin (1952) found that if a microelectrode was placed with its 
tip resting on the surface of the retinal rods, exposed by removal of the sclera, 
choroid and pigment epithelium, it recorded an electrical response when a very 
small area of retina close to its tip was illuminated. They did not describe the 
effects on the response for a given position of the electrode of varying the 
position or size of the spot of light, and in their later papers they make no 
further mention of the phenomenon. 

In the experiments of this section these effects were investigated in detail. 


_ Figs. 1 and 2 show the responses recorded with a microelectrode at one point 


on the surface of the receptors in response to illumination for 0-63 sec of 
a circular area of retina of diameter 96, the stimulating spot being moved 
along a straight line in steps of 150. between successive records. The spot was 
centred on the electrode in the fourth record of each series. The series shown 
in Fig. 1 was made with the free surface of the receptors exposed to the air, 
that of Fig. 2 with the electrode at the same point on the same retina, but 
after immersing the whole preparation, including about 1 mm. of the electrode, 
in Ringer’s solution. 

It can be seen in Fig. 1 that a response of similar shape, duration and 
polarity to the usual electroretinogram (i.e. that recorded with large electrodes) 
was obtained from the free surface of the receptors exposed to the air, provided 
that the stimulating spot of light was on or very near the tip of the electrode. 
The on-response consisted of a brief positive-going deflexion followed by a 
slower rounded negative-going, and the off-response of a single slow rounded 
negative-going deflexion. Since these deflexions are of the same polarity (the 
‘indifferent’ electrode being on the cornea) and similar time-course to the 
a-, b- and d-waves of the e.r.g. as recorded between two large electrodes, they 
may for convenience be referred to as a-, b- and d-waves, without prejudice 
to the question of whether they are in fact the basis of the corresponding 
waves of the ordinary e.r.g. 

When the centre of the stimulating spot was 150y from the tip of the 
electrode, the response was smaller. When it was 300, from the tip it was 
very much smaller, and lacked an a-wave, and at 450, it was entirely absent. 
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Flooding the preparation with Ringer’s solution, and thus improving electrical 
conduction between different points on the surface, made the localization 
even sharper, as is seen in Fig. 2. The responses when the stimulating spot 
coincided with the electrode were larger than before, and lacked an a-wave. 


Those when the spot was centred 150, from the electrode were smaller, and 
at 300 no responses were obtained. 


Fig. 1. Changes in potential recorded by a microelectrode in contact with the posterior surface 
of a retina exposed to the air, in response to illumination for 0-63 sec of a circular field of 
diameter 96, which was moved along a straight line in steps of 150 between successive 
records, It was centred on the electrode in record 4. In this and all other figures, downward 
displacement of the record represents increasing negativity of the microelectrode, and the 
beginning and end of the stimulus are marked by downward and upward artifacts respectively. 

Fig. 2. Similar records to those of Fig. 1, from the same point on the same retina, but after 
immersing the whole preparation, including about 1 mm of the electrode, in Ringer's solution. 


Responses very similar to these could regularly be obtained from any point 
on the freshly exposed posterior surface of any retina, provided that it had not 
suffered severe mechanical injury during dissection. Severely injured regions 
gave no response, but uninjured regions usually responded normally even if 
other parts of the same retina were severely damaged. Preparations in which 
the free surface of the receptors was exposed to the air usually continued to 
respond for about two hours, and sometimes for as long as four hours. 
Immersion of the preparation in Ringer’s solution sometimes made it 
inexcitable within 5 min, but the four Ringer-immersed preparations from 
which photographic records were obtained all lasted more than 20 min. 
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Photographic records were obtained of the responses of 62 points on 18 
retinae. Nearly all conformed to one of two types. In the majority of those 
in which the free surface of the receptors was exposed to the air, an a-wave 
was present, all the waves were rounded in shape, and the falling and rising 
phases of the b- and d-waves were of approximately equal duration. Responses 
of this kind (e.g. Fig. 1 and the record from 20 depth in Fig. 4) will be referred 
to as ‘type 1’. 

In all the experiments in which the free surface of the receptors was im- 
mersed in Ringer’s solution, and about a quarter of those in which it was in 
air, no a-wave was present, the falling phases of the b- and d-waves were much 
shorter than the rising, and the apices of both waves were sharply pointed. 
Responses of this kind will be referred to as “type'2’. In some records of type 2 
high-frequency activity resembling spikes could be seen immediately after the 
apices of the b- and d-waves, Conversion of the response of one area of retina 
from type 1 to type 2 by flooding the preparation with Ringer’s solution was 
seen twice, one of these occasions being that shown in Figs. 1 and 2. Responses 
intermediate between the two kinds were fairly frequent; for example, the 
a-wave was sometimes absent without the falling phases of the b- and d-waves 
being very much shorter than the rising, and at one point on one retina the 
on-effect was a typical example of type 1, and the off-effect a fair though not 
extreme example of type 2. . Te 

The relative sizes of the b-wave and d-wave varied considerably from one 
retina to another, and to a smaller extent from point to point on the same 
retina, for the same stimulus of duration 0°63 sec. The extremes were a b-wave 
of twice the amplitude of the d-wave, and a d-wave of four times that of the 
b-wave. As with the electroretinogram recorded with large electrodes, the 
d-wave could be made larger in proportion to the b-wave by adapting the 
preparation to bright light. 

As might be expected from the absence of response to a small spot of light 
distant from the electrode,.increasing the size of a stimulating spot which was 
centred on the electrode did not greatly increase the magnitude of the response 
recorded; but it sometimes had a large effect on its shape. Fig. 3 shows the 
effects, on a retina flooded with Ringer’s solution, of varying the size of field 
over a wide range. The response to large fields differs from that to small fields 
in a complex manner, the most striking feature of which is that it is mainly 
positive-going, instead of wholly negative-going. Complexity was usual in 
the responses to large fields, and there was little similarity between the large- 
field responses of different points on the same or different retinae, except that 
for fields whose diameter exceeded 590, both on- and off-responses were 
always partly and often mainly positive-going. 
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Responses recorded by an electrode inserted into the retina from its 
| posterior surface 
When an electrode in contact with the posterior surface of the retina was 
advanced, it could be seen to enter the retina immediately: there was no 
indication of any mechanical barrier at the surface. When, however, it had 
been moved through 100 or more, the surface was usually visibly dimpled, 
and it is likely that the deeper parts of the retina were more deformed than 
the surface, so that the distance moved by the electrode gives only a rough 


Fig. 3. Effect of size of stimulus on responses recorded by a microelectrode in contact with the 
posterior surface of a retina immersed in Ringer's solution. Stimuli were circular (diameters 
in microns) and centred on the electrode. Spikes are present at ‘off’ in all records and at 
‘on’ in some, 

estimate (always greater than the true value) of the depth of its tip below the 

surface. The R membrane (Brindley, 19565), which provided an intra-retinal 

landmark when the retina was approached from in front, was not available 
for the posterior approach, and attempts to collapse the retina on to the lens 
and use its resting potential (Brindley, 1956a) as an indication of the point 
at which the electrode left the retina were not consistently successful: it 
appeared that some vitreous usually remained between retina and lens. 
Intra-retinal responses to stimulation with a spot of 210, 180 or 96yu 
diameter were recorded from fifteen areas on ten retinae. With the electrode 
at the surface of the receptors (exposed to the air in every case), eleven of 
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these areas gave responses of type 1, and three of type 2. For all areas which 
gave a response of type 1 at the surface, advancing the electrode by a distance 
which varied between 50 and 350 converted the response to one of type 2. 
In the same step at which the shape of the response changed, its size increased, 
in one experiment (23a/8) by as much as a factor of three, but usually by 
20-60%. On advancing the electrode further, often by two steps of 50, 
the response, in nine of the experiments, suddenly and completely disappeared. 
For six areas this disappearance was not observed, probably because the 
electrode was not advanced far enough. 


Taste 1. Local responses to a stimulus of small area recorded by an electrode inserted into the 


retina from its posterior surface. Square brackets join experiments made on different areas 
of the same retina 


J, 

t at ppeared 
Experiment ich it changed 
30/7 201 2 Not at 200 
1-2 at 

96 2 100 
/8 96 1->2 at 200 
96 1->2 at 2004 300 
14/8 180 1-2 at 70 170 
23a/8 180 12 at 850, 450 
23d/8 180 1-2 at 250 
23e/8 180 1-2 at Not at 250 
24 180 2 Not at 150 
5/10 201 1-2 at 300u Not at 400 
6/10 210 1—>2 at 50y Not at 400 
2 No record. 2 at 50u Not at 350 
15a/12 210 at 125y 200 
156/12 201 1-2 at 250 


Table 1 summarizes the results of these experiments with stimuli of small 
area. Fig. 4 shows the records obtained at four different depths in one of 
them (14/8), and Fig. 5 the degree of localization of the response of another 
retina (23¢/8) at an apparent depth (i.e. distance moved by the electrode since 
it touched the surface) of 180p. 

In four experiments the responses at different depths were recorded not 
only to illumination of a spot of 180 diameter centred on the electrode, but 
also of an annulus of external diameter 980, and internal diameter 6804 
surrounding the spot, and of the annulus and spot simultaneously. In three 
of these experiments the responses to illumination of the annulus were mainly 
positive, and for the electrode positions at which illumination of the spot gave 
the simple negative responses referred to as ‘type 2’, illumination of the 
annulus gave very similar positive responses. Fig. 4 shows the records obtained 
in one of these experiments. For one retina (23a/8) responses to illumination 


- of the annulus, though partly positive, were never inverses of those to illumina- 


tion of the spot. 
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Fig. 4. Responses, recorded by a microelectrode inserted into the retina from its posterior surface, 
to illumination of a spot of diameter 180% centred on the electrode and of an annulus of 
internal diameter 680 » and external diameter 980, surrounding it; depths in microns. 


Fig. 5. Responses, recorded by a microelectrode inserted into the retina from its posterior surface 
to an apparent depth of 180, to illumination of « circular field of diameter 180. The 
stimulating spot was moved along a straight line in steps of 150 1 between successive records, 
and was centred on the electrode between records 4 and 5. Numerous spikes are present in 
records 2, 3 and 6. 
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Responses to illumination of the annulus and spot simultaneously were 
usually approximately, but not exactly, the sum of those to illumination of 
the spot alone and the annulus alone. For one retina (23a/8) there was sub- 
stantial departure from additivity at some electrode positions. 


Responses recorded by an electrode inserted into the retina from its 
antervor surface 
The responses to diffuse illumination recorded by an electrode inserted into 
the retina from its anterior surface have been described for the bullfrog by 
Tomita (1950) and Tomita & Funaishi (1952), and for Rana temporaria by 
Ottoson & Svaetichin (19536). Their descriptions are in sharp disagreement. 


Fig. 6. 
through it in steps of 50, from the anterior surface; depths in microns; R membrane was 
crossed on passing from 250 to 300 ,. 


Ottoson & Svaetichin found that the response remained unchanged between 
the surface of the retina and a depth of 150-170, and then rapidly decreased 
in size without change of shape. Tomita, on the contrary, found a very large 
change of shape, the predominantly positive-going response found while the 
electrode was in the vitreous being replaced, for depths within the retina of 
70. and more, by a predominantly negative-going one. 

The responses obtained in the present experiments when an eye, into whose 
retina a microelectrode had -been inserted from the anterior surface, was 
diffusely illuminated varied much from eye to eye and between different 
regions of the same retina. 

An example of the simplest pattern of responses, one very similar to that 


described by Ottoson & Svaetichin, is shown in Fig. 6. The response remained 
24 PHYSIO. CXXXIV 
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almost unchanged as the electrode moved through the retina until the 
R membrane (Brindley, 19566) was reached. When the electrode crossed the 
R membrane, the response suddenly decreased very much in size, and often 
(as in Fig. 6) altered in shape. In a few experiments no response whatever 
could be detected after the electrode had crossed the R membrane. This 
pattern of responses was observed about thirty times, and much more often 
in retinae which had been in the apparatus over half an hour and showed signs 
(e.g. @ progressive decline in the size of responses) of deterioration than in 
fresh preparations giving large and constant responses. In no case where the 
simple pattern was found could any response be obtained on illuminating 
a small area of the retina around the tip of the electrode. 

In the majority of preparations which had been in the apparatus less than 
half an hour and were giving a large and constant e.r.g., and in some as old as 
two hours, a complex pattern of responses was observed, in which, as in the 
simple pattern, crossing the R membrane caused a sudden large decrease or dis- 
appearance of the response, but in which at points in front of the R membrane 
conspicuous changes in the form of the response were found. These changes 
were very diverse, but three features were frequent: 

(i) @ diphasic off-effect, the first phase positive-going, and the second and 

usually larger phase negative-going; 

(ii) regular oscillations at about 12/sec during illumination; and 

(iii) a slow negative deflexion during illumination, replacing or superimposed 

on the positive b-wave. 

Where any one or more of these features was present, illumination of a 
small area around the tip of the electrode never failed to produce a response, 
which was usually a simple negative-going deflexion at ‘on’ and a similar but 
briefer one at ‘off’. Fig. 7 shows the responses at 50, intervals through 
a region of retina which gave diphasic off-effects but not the other two 
characteristic features. For three of the electrode positions the response to 
illumination of a circular region of 201 1 diameter centred on the electrode is 
also shown. Local illumination was in this experiment not tried for the other 
electrode positions, but analogy with other similar experiments makes it almost 
certain that no responses would have been obtained at the surface or at 50. 
depth, and very small ones at 250, (i.e. after crossing the R membrane). 

Fig. 8 shows the responses at 25 intervals through a region of retina which 
showed all three of the characteristic features described. The decrease in size 
of the response on crossing the R membrane is conspicuous. A few features, 
especially the high-frequency components of the responses at 105 and 130.4 
depth, are not included in any of the three categories listed. Such peculiarities 
of individual retinal regions were common. 
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Responses to local illumination 


Responses to illumination of the region around the electrode tip were 
found, as has been mentioned, in every retinal region tested for them which 
showed any one or more of the three characteristic changes with depth in the 
responses to illumination of the whole eye, and in no retinal region which gave 
the simple pattern of responses shown in Fig. 6. 

The smaller the area illuminated, the simpler was the response to local 
illumination. A field of 96 diameter invariably gave monophasic negative- 
going deflexions at ‘on’ and ‘off’ closely resembling the second type of 
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response recorded from the free surface of the receptors. A field of 210, 
diameter usually gave monophasic negative responses, but sometimes, as at 
100 depth in the experiment of Fig. 7, their shape was not simple. Larger 
fields always gave complex responses, the details of which varied greatly from 
one retina to another and from point to point in the same retina. These 
large-field responses were nearly always partly positive-going. There was no 
general tendency for the size of response to increase with increasing size of 
field; indeed it twice happened that the response to a field of 96 diameter 
was the largest of those tested, namely 96, 201, 343, 590, 800 and 1560. 


1 


0-5 mV 


sec 
Fig. 8. Responses to illumination of the whole retina, recorded by a microelectrode advanced 


through it in steps of 25, from the anterior surface; the R membrane was crossed on 
passing from 230 to 255». 
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The localization to the area illuminated of responses to stimuli of 96 or 
201 » diameter was always very sharp. Fig. 5, though in fact obtained with an 
electrode inserted into the retina from the posterior surface, could serve as 
a typical example of the results obtained in similar experiments with electrodes 
inserted from the anterior surface. The sharpness of localization did not vary 
conspicuously with the depth of the electrode over the range of depths (com- 
monly from 100p to 200 or 250 below the anterior surface) at which local 
responses were obtained. 


Fig. 9. Responses, recorded by a microelectrode inserted into a retina from its anterior surface 
to a depth of 150 y, to illumination of a spot of diameter 180», centred on the electrode, of 
an annulus of internal diameter 680 » and external diameter 980 » surrounding it, and of spot 
and annulus together. — 


Responses to illumination of a spot of 180 diameter centred on the electrode, 
of an annulus of internal diameter 680y and external diameter 980, sur- 
rounding the spot, and of spot and annulus together, were recorded from five 
retinae approached from the anterior surface. For two of these the responses 
for the annulus were similar to those for the spot but of opposite polarity, as 
was usual when the retina was approached from its posterior surface (see 
Fig. 4). In the other three retinae the responses for the annulus, like those for 
the spot, were mainly negative-going. Fig. 9 shows the results obtained at 
150 1 depth in one of these experiments. There is a very large departure from 
additivity, the response to illumination of spot and annulus together being 
much smaller than the sum of those for the spot alone and the annulus alone, 
and of different shape. 

Some évidence concerning the spread beyond the illuminated area of 
electrical changes due to illumination is provided by experiments like those of 
Figs. 4, 5 and 9. Further evidence, which is in some respects easier to inter- 
pret, was obtained by recording the responses to illumination of a semicircular 
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region of diameter 2-07 mm, a field large compared with the greatest degree 
of spread ever observed, but not so large as to give, in the presence of the 
usual steady background of 22 lm/m*, any response due to stray light falling 
on areas not intentionally illuminated. This field was moved in steps of 75 
along a line perpendicular to its straight boundary, the electrode lying always 
on the right bisector of the boundary. The results of one such experiment are 
shown in Fig. 10. If the electrode was within the illuminated area, its exact 


Fig. 10. Records from the same point in the same retina as Fig. 9. The stimulating field was 
semicircular and of diameter 2-07 mm. The records on the left were obtained with the electrode 
within the illuminated area, at the distances stated (in microns) from its straight border, 
those on the right similarly with the electrode outside the illuminated area. 


position had only a small effect on the response. Outside the illuminated area 
the high-frequency components at ‘off’ disappeared at once and the low- 
frequency components fell off gradually, until at 350, only a very small 
positive off-effect, with a slightly shorter latency than the conspicuous part of 
the off-effect within the illuminated area, remained. Similar experiments on 
four other retinae gave substantially similar results, though the details of the 
responses both inside and outside the illuminated area varied considerably. 
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| DISCUSSION 
Responses to local illumination, recorded from the exposed posterior 
surface of the receptors 

The sharp localization of the responses to illumination of a small area of 
retina, as found in the experiments of Figs. 1 and 2, provides evidence that 
the source of the potential changes recorded is not far from the recording 
electrode. If we assume that the retina is a homogeneous conductor, this 
argument can be made quantitative. The potential V at a distance d from 
a source of current ¢ in a homogeneous medium of resistivity p, the sink for 
current being supposed diffuse or infinitely remote, is 


V 
A short dipole of length / emitting current i produces at distance d and angle 
9 from its axis a potential 
P0088 


If the points at which V is measured lie on a straight line perpendicular to 
the axis of the dipole, then docsec @, so that Vocl/d*. The corresponding 
physiological hypothesis is that the source of the local responses is a small 
dipole lying radially in the retina. It implies that the response recorded from 
the posterior surface of the retina must fall off inversely as the cube of the 
distance between the dipole and the tip of the electrode. No hypothesis 
postulating an electrically isotropic conducting medium can give sharper 
localization than this for a given distance between source and recording point. 
If, as is to be expected in the usual experimental situation where the stimulus 
is of diameter 96 y, the poles of the dipole are not negligibly small, the localiza- 
tion is worsened by approximately the radius of a pole, and if the further pole 
is diffuse or infinitely remote, the relation becomes, as we have seen, an 
inverse first-power relation, giving very much worse localization. The localiza- 
tion found in Fig. 2 is sharper than that deduced on the inverse third-power 
relation for any distance exceeding 80. Since the distance from the posterior 
ends of the rods to the external limiting membrane is about 1004 and to the 
anterior boundary of the outer nuclear layer about 120, in Rana temporaria 
(Brindley, 19565), we must conclude either that the rods and cones are the 
source of the local responses recorded from their posterior ends, or that the 
part of the retina behind the outer synaptic layer is electrically anisotropic, 
in the sense that current is conducted much more easily in a radial than in 
a tangential direction. Each of these hypotheses, however, encounters in its 
simple form substantial difficulties. | 
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Rods and cones are radially orientated structures whose tangential extent 
in the frog nowhere exceeds 25y (Cajal, 1894). If they genezate the local 
responses, they must act as radial dipoles, which for the b- and d-waves must 
be negative at their posterior ends and positive at their anterior. An electrode 
inserted into the retina should record, in response to local illumination, 
positive-going responses when near the positive anterior ends of the dipoles. 
These were never found; on the contrary the negative-going responses usually 
increased in size as the electrode advanced, until the point at which they 
suddenly disappeared. Fig. 4 is in this respect typical. 

The alternative simple hypothesis, that the responses arise from cells of the 
inner nuclear layer, the sharp localization found at the surface of the receptors 
resulting from electrical anisotropy of the posterior part of the retina, is a little 
difficult to reconcile with the high radial resistance of the R membrane, if the 
identification of this with the external limiting membrane is correct. We have 
no certain knowledge of the tangential resistivity of the posterior part 
of the retina, but it seems unlikely that it is large compared with the 
mean radial resistivity where the latter includes the resistance of the 
R membrane. 

A combination of the above two hypotheses is capable of explaining all the 
present observations. If the rods and cones, acting as radial dipoles, generate 
the responses recorded from their posterior ends, the corresponding changes of 
opposite polarity to be expected at their anterior ends could be masked if 
tangentially orientated structures in the inner nuclear layer, perhaps the 
horizontal cells, simultaneously generated responses of comparable form, the 
sinks for current being within the illuminated area and the sources outside it. 
We shall see that there is experimental evidence that structures in the inner 
nuclear layer do, at least sometimes, behave in this manner. 

On this combined hypothesis, the characteristic change in the response on 
advancing the electrode through the retina, from ‘type 1’ with a positive- 
going deflexion preceding the negative at ‘on’ and no high-frequency com- 
ponents to ‘type 2’ with ‘saw-tooth’ negative-going deflexions at ‘on’ and 
‘off’, would correspond to the external limiting membrane, and the occasional 
occurrence of responses of type 2 at the surface of the retina would indicate 
local damage to the external limiting membrane, its resistance being lowered, 
so that electrical changes occurring in front of it (and especially the high- 
frequency components which would normally be quite excluded by a resistance- 
capacity filter of such long time-constant) were more easily conducted through 
to the surface. 
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Responses to local dlumination recorded from within the retina 

Layer of ganglion cells and inner synaptic layer 

The combined thickness of these layers in the living retina of Rana temporaria 
appears to be about 100 (Brindley, 19565). Ottoson & Svaetichin (19535) 
give an even lower value, 801. The least depth from the anterior surface of the 
retina at which any local responses could be recorded was in most experiments 
between 90 and 120, the lowest value ever found being 75. It appears then 
that local illumination does not commonly cause slow changes of potential in 
the ganglion cell layer or the inner synaptic layer. 


Inner nuclear, outer synaptic and outer nuclear layers 

If the identification of the R membrane with the external limiting membrane 
is correct, it was from the inner nuclear, outer synaptic and outer nuclear 
layers exclusively that large local responses were recorded by electrodes 
inserted into the retina from its anterior surface. When the tip of an electrode 
had passed through the R membrane, and so was presumably amongst the 
rods and cones, it was usually not possible to detect any local responses, and 
in the few experiments where they were found, they never exceeded 80, V. 
The results of experiments in which the retina was approached from its 
posterior surface are consistent with a similar interpretation, except that in 
them local responses, sometimes as large as 350,,V, were regularly recorded 
from the rods and cones. This difference between the results of the two kinds 
of experiments where the tip of the electrode was amongst the rods and cones 
remains without certain explanation, though there is no lack of possibilities, 
since in one type of experiment they were in contact with, and wrapped round 
by, the expanded processes of cells of the light-adapted pigment epithelium, 
and in the other free from pigment epithelium and in contact with air or 
Ringer’s solution. The results of experiments using anterior and posterior 
approaches for electrode positions in front of the external limiting membrane 
(assuming that this is the R membrane for the anterior approach and the 
point at which the response changes from ‘type 1’ to ‘type 2’ for the posterior) 
agree very well with each other. In each kind of experiment the lack, at all 
depths in the retina, of positive-going responses to illumination of a very small 
area around the tip of the electrode indicates that the principal structures 


_ generating the responses, at least for very small stimuli, act as sinks for current 


within the illuminated area and sources outside it. They must therefore be of 
considerable tangential extent. Experiments like that of Fig. 4, where 
illumination of an annulus of internal diameter 680, and external diameter 
980 » caused at the centre of its unilluminated interior a positive-going response 
not much smaller than the negative-going one obtained when the centre itself 
was illuminated, suggest that sources for the annulus occupy a substantial 
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fraction of the central dark area, and hence must extend for at least about 
150 from their sinks. Estimates of the same order, though very imprecisely 
determined, are given by experiments like those of Figs. 5, 10 and 11. None 
of the rods, cones or bipolar cells drawn by Cajal (1894) for the frog’s retina 
has processes extending more than 25, from axis of the cell. The only cells 
which, according to Cajal’s drawings, have, in the appropriate layers, processes 
of sufficient tangential extent to account for the inferred separation of sources 
and sinks are the horizontal cells, some of whose processes extend as much as 
240 from their cell bodies. Some amacrine and ganglion cells also have 
sufficiently extensive processes, but these lie in the inner synaptic layer. 

A hypothesis, then, which explains the results of all experiments with an 
electrode whose tip was in front of the external limiting membrane in which 
a circular stimulus of diameter 210, or less was used, and of six of the ten in 
which responses to a spot and to an annulus around it were separately tested, 
is as follows: within the illuminated area, as a result of activation by the rods 
and cones, the membranes of the cell bodies, but not the long processes, of 
horizontal cells become depolarized. Current therefore flows intracellularly 
from cell bodies to processes, and extracellularly from processes to cell bodies, 
causing a negative-going potential change in the neighbourhood of the cell 
bodies, and a smaller (because diffused over a larger area) positive-going 
change in the neighbourhood of the long processes. 

This simple hypothesis does not by itself account for the great complexity 
of responses obtained on illuminating larger areas of the retina. It is possible 
that the horizontal cells are here also the only actual generators of the slow 
potential changes; but there is no definite evidence for such a conclusion, and 
it may well be that other classes of cells contribute. One clear inference that 
can be made is that there is interaction, in the production of these responses, 
between one area of retina and another. If the responses to two spatially 
separated stimuli are independent, then the electrical change at any point in 
response to two stimuli A and B together should be the sum of those produced 
by A alone and by B alone, provided that the passive electrical properties of 
the system are linear and do not change as a result of the responses. The 
response to simultaneous illumination of spot and annulus in the experiment 
of Fig. 9 and two others like it was much smaller than the sum of the responses 
to spot alone and annulus alone, and quite different in shape. The passive 


electrical properties of the frog’s retina as a whole have been shown to be | 


linear over a wide range of current densities, and the change in resistance as 
a result of activity to be relatively small (Brindley, 19566); and it is very 
probable that these findings are nearly enough valid on the small scale 
relevant to the experiment of Fig. 9. The result thus provides strong evidence 
that the responses to illumination of spot and annulus are not mutually 
independent. 
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Responses to illumination of the whole eye, recorded by an 
intraretinal electrode 

The simple pattern of responses described by Ottoson & Svaetichin (1953) 
and shown also in Fig. 6 appears, on the evidence of its usual association with 
steady deterioration of the preparation and its very rare occurrence in freshly 
dissected eyes giving large electroretinograms, and especially of the invariable 
complete absence of slow responses to local illumination in regions of retina 
where it was found, to be abnormal. It does not, however, necessarily indicate 
that the region of retina through which the electrode was passing was totally 
inactive, for in three retinae regions were found which gave this pattern of 
slow responses, but also, at a depth of between 10 and 50 below the anterior 
surface, produced trains of large diphasic spikes doubtless attributable to 
ganglion cells. Nor does it seem likely that the slow potential changes recorded 
from regions giving the simple pattern of responses were always wholly con- 
ducted to them from other active regions giving more complex patterns, for 
in one eye, deteriorating but still giving an e.r.g. of about 200V, responses to 
diffuse stimulation were tested in 25. steps through the whole thickness of the 
retina at twelve representative points, including central and peripheral regions, 
and all gave the simple pattern of responses; and in several other eyes giving 
fairly large e.r.g.’s, less systematic searches failed to reveal any area giving 
complex patterns of response to diffuse stimulation. 

From the complex patterns of responses seen in Figs. 7 and 8 not much can 
be deduced except that generators of slow electrical changes must be present 
in several layers of the retina. As with the responses to local illumination, 
none of these seems to lie in the layer of ganglion cells or, probably, in the inner 
synaptic layer. 

The regular oscillatory responses seen in Fig. 8 are very probably of the 
same nature as those found by Chaffee & Sutcliffe (1930), and are reminiscent 
of the rhythmic activity described by Adrian & Matthews (1928) for the optic 
nerve of the conger eel and by Adrian (1937) for the optic ganglion of Dytiscus. 
As with the conger eel, large regular oscillations were seen only when the 
whole retina was illuminated, but smaller and more irregular ones were 
occasionally found superimposed on the simple negative responses to illumina- 
tion of a small area around the tip of the electrode..The first record of Fig. 9 
shows an example of this. : 

The oscillatory responses of Fig. 8, and those of other similar experiments, 
showed no reversal of phase over the range of depths at which they were 
present; and they always disappeared completely at the R membrane. This 
excludes the possibility of their being due to radially orientated structures 
lying wholly in front of the R membrane. If the generators of the oscillatory 
responses are radially orientated, they must penetrate the R membrane and 
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carry current across it, i.e. they must be rods and cones. The alternative, and 
much more readily acceptable, hypothesis is that they, like the generators of 
the slow responses to illumination of small areas around the tip of the electrode, 
are tangentially orientated. 

High-frequency electrical activity recorded idee the retina 
Typreal spikes 

Trains of identical spikes, related in a fairly regular way to stisnalation by 
light, were often recorded, superimposed on the slow changes of potential 
with which this paper is mainly concerned. When these were large, they were 
always diphasic, the positive phase preceding the negative; but the majority 
were small, and their shape could often not be identified with certainty. 
The circumstances in which spikes were recorded fall into three well-defined 
groups. 

(i) From within 60 of the anterior surface of the retina. These were similar 
to those described by Barlow (19534, 6) for ganglion cells, and it is fairly clear 
that in most cases ganglion cells were their source. Some may possibly have 
come from optic nerve fibres. 

(ii) From the exposed posterior surface of the retina. Spikes were recorded 
from the exposed posterior surface of the retina at about half of those points 
which gave responses of type 2, and from none of those which gave responses 
of type 1. An example is seen in Fig. 3. It is possible that these spikes were 
generated by the rods or cones, but an alternative and perhaps more acceptable 
hypothesis is that they came from cells belonging to the inner nuclear layer, 
and could be recorded from the posterior surface of the retina because the 
layer of rods and cones conducts more readily in a radial than in a tangential 
direction. The high electrical resistance and capacity of the R membrane 
would explain the lack both of high-frequency components in the ‘slow’ 
responses and of spikes at the posterior surface in the majority of records 
_( type 1). The minority of records, showing responses of type 2 and often spikes 
superimposed on them, would correspond to regions where the R membrane 
was damaged, with loss of its resistance. 

(ui) From points within the retina giving large slow responses to local stimula- 
tion. In both posterior and anterior approaches to the retina, but more 
frequently for the posterior (about 75° of experiments) than for the anterior 
(about 33%), spikes were often found at those depths within the retina at 
which large slow responses to local illumination were obtained. Such spikes 
can be clearly seen in Fig. 5, and are probably present in the records for depths 
of 100 and 150, in Fig. 7. In Fig. 5, the spikes are still present when the 
stimulating spot is centred 300 from the electrode, although the slow response 
is then very small. It seems therefore unlikely that the spikes and slow 
responses are produced by the same cells. 
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Inhibitory interaction between different areas of the retina in the production 
of spikes, which was described in detail for the ganglion cells by Barlow (19535), 
was in one experiment very clearly seen for spikes from a depth producing 
large slow responses to local illumination (the electrode was inserted from the 
posterior surface, so that the exact depth is not known). Illumination of 
a 180 spot centred on the electrode regularly produced numerous large 
diphasic spikes at both ‘on’ and ‘off’, and illumination of a 980 annulus 
around it two or three at ‘on’ and one or two at ‘off’; but when the spot and 
annulus were illuminated at the same time, no spikes at all were produced at 
‘on’; the structure responsible had become a pure off-element. It seems most 
likely that spikes of this category come from cells belonging to the inner 
nuclear layer, either bipolar, horizontal or amacrine; but it is not impossible 
that some of them originate in the inner segments of rods or cones. 


High-frequency activity other than typical spikes 

The off-effect in the first four records of Fig. 10 begins with a rapid diphasic 
change of potential which does not behave in an all-or-none fashion, but 
diminishes in size continuously as the dark boundary of the stimulus approaches 
the electrode. High-frequency activity which in this or other ways departs 
from the typical behaviour of spikes was very often seen. The off-effects at 
depths of 105 and 130, in Fig. 8 are good examples. They may be mainly due 
to a number of nearly synchronized spikes, or may represent some quite 
different kind of electrical activity. : 


The relation of slow changes in potential recorded intraretnally 
to the e.r.g. 

The e.r.g. was in the conditions of the present experiments very constant 
in its shape and magnitude, and all parts of the frog’s retina were found to 
produce an e.r.g. of the same shape, provided that the area of retina illuminated 
was large enough to produce a detectable e.r.g. at all (Brindley, 1956c). The 
other kinds of slow responses detected intra-retinally (i.e. those to local 
illumination, and the complex types of response to diffuse illumination) were 
on the contrary extremely variable in shape and size. This difference, and the 
finding that in several retinae giving fairly large e.r.g.’s, all regions tested gave 
the simple pattern of responses to diffuse illumination shown in Fig. 9, suggest 
that the slow electrical responses to local illumination and their counterparts 
for diffuse illumination, though doubtless important for the normal functioning 
of the eye, may make no significant contribution to the e.r.g. Such a hypothesis 
gains some support from the evidence that the generators of slow potential 
changes on illumination of a small area around the tip of the electrode and of 
oscillatory responses to illumination of large areas are tangentially orientated, 
and hence very unfavourably placed to contribute to the e.r.g. If it is correct, 
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then evidence on the origin of the e.r.g. may be taken from experiments like 
that of Fig. 6. The whole of the response appears across the R membrane, so 
its generators must be structures carrying current across this membrane. If 
the identification of the R membrane with the external limiting membrane is 
correct, the generators can only be rods and cones, and the names a-wave, 
b-wave and d-wave, given descriptively to the components of the commoner 
kind (type 1) of response obtained from the exposed posterior surface of the 
receptors on the basis of their similar shape and apparent polarity to the 
corresponding waves of the e.r.g., are right also in their implications: they are 
the basis of the e.r.g. 

The above hypothesis, though somewhat surprising in that it is held that 
large electrical changes known to be generated in cells of the inner nuclear 
layer, though they are of comparable time course to the e.r.g., nevertheless 
make no appreciable contribution to it, is consistent with all the observations 
made in the present experiments, and also, it seems, with those of Tomita and 
of Ottoson & Svaetichin, the apparent discrepancies between which the present 
experiments in some measure reconcile. | 


SUMMARY 


1. A microelectrode on the exposed posterior surface of the frog’s retina 
records, when a small area immediately around it is illuminated, an electrical 
change of similar time-course and polarity to the e.r.g. This response is 
localized to the area illuminated, being absent at all points more than 300. 
distant from it. The relative sizes of its on- and off-effect are influenced by 
light-adaptation in the same way as those of the e.r.g. 

2. A microelectrode inserted into the retina from the posterior surface 
records, when at depths corresponding probably to the inner nuclear, outer 
synaptic, and outer nuclear layers, a simple negative-going potential change 
at ‘on’ and ‘off’ when a small area of retina immediately around it is illu- 
minated. Positive-going responses are never found within the area illuminated, 
from which it is inferred that the structures generating the responses are 
tangentially orientated in the retina, providing sinks for current within the 
illuminated area and sources outside it. This inference is supported by the 
frequent finding of positive-going responses outside the illuminated area. 

3. Similar responses to local illumination are often recorded by an electrode 
inserted to a corresponding depth from the anterior surface; but here, 
especially in deteriorating preparations, it is common to find no responses. 

4. Between a microelectrode advanced through the retina from its anterior 
surface and an indifferent electrode on the sclera, a typical normal e.r.g. is 
recorded on illuminating the whole eye, until the electrode is at a depth of 
about 100, corresponding to the beginning of the inner nuclear layer. From 
here until the ‘R membrane’ (probably the external limiting membrane) is 
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reached, retinal regions capable of responding to local illumination react in 
a very complex manner to illumination of the whole eye, but regions incapable 
of responding to local illumination continue to give a normal e.r.g. When the 
electrode crosses the R membrane, the response suddenly diminishes greatly 
or disappears. 

5. It is suggested that only the rods and cones contribute substantially to 
the a-, b- and d-waves of the e.r.g., although cells belonging to the inner 
nuclear layer can produce large electrical changes of similar time course. 
Evidence is given that many, and possibly all, of the latter changes are 
produced by tangentially orientated structures, which are thus unfavourably 
placed to contribute to the e.r.g. 


This work was made possible by grants towards the cost of apparatus from the Medical Research 
Council and the Royal Society. 
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INTRACELLULAR DISTRIBUTION OF CHOLINE ACETYLASE 
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The experiments to be described deal with the intracellular distribution of 
choline acetylase in rabbit brain studied by the method of differential centri- 
fugation. This enzyme catalyses the transfer of acetyl groups from acetyl CoA 
to choline and it is only recently that it has become possible to measure its 
activity independently of the enzymic synthesis of acetyl CoA (Korkes, 
Campillo, Korey, Stern, Nachmansohn & Ochoa, 1952; Hebb, 1955; Smallman, 
1956). Knowledge of the intracellular distribution of choline acetylase is 
important for the understanding of the chemical transmission of nerve effects. 


METHODS 


Rabbits were killed by a blow on the neck; the brains rostral to the superior colliculi were removed, 
weighed and made into a homogenate. The homogenates were prepared in 0-25 m sucrose solution, 
1 ml, of homogenate corresponding to 100 mg of fresh tissue. A Potter Elvehjem all-glass homo- 
genizer cooled in ice was used. The time taken to homogenize the tissue was 1-2 min. 

Various fractions of the homogenate were prepared by centrifuging in a Servall (Model SS-1) 
angle centrifuge at a temperature of + 2° C. After centrifugation at a given speed the supernatant 
was decanted, the residue resuspended in a given volume of sucrose solution and recentrifuged at 
the same speed. The supernatants were then pooled for the next centrifugation at a higher speed. 
The time of each centrifugation and the calculated centrifugal force applied are given with the 


Pesults, 


For comparison, acetone powders of rabbit brain were prepared by grinding the tissue in 
® mortar in a large volume (100 x tissue vol.) of cold (- 10° C) dry acetone which was renewed 
several times. The acetone was filtered through a Buchner filter fitted with a No. 30 Whatman 
paper. The powder was dried in vacuo (300 mm Hg below atmospheric) over P,O, for 3-4 hr. It 
was extracted in cysteine saline (3 mg cysteine/ml. 0-9% NaCl) solution, in a concentration of 
50 mg acetone powder per ml. solution; the suspension was cooled to - 15° C and kept frozen 
until required. Before incubating the extracts were centrifuged at 2800 rev/min for 3 min. In each 
case where the activity of a homogenate was compared with an extract of acetone-dried brain the 
two preparations were either from the brains of litter-mates, or from the separated halves of the 
same brain. 

* Principal Entomologist, now at Science Service Laboratory, Department of Agriculture, 
London, Ontario, Canada. 
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Choline acetylase determination. The brain extracts were incubated with the following additions: 
70 unite crude yeast coenzyme A (Hebb, 1955), 0-8 ml. of a reaction mixture (containing in 
32 ml. 23-8 ml. of K-ATP solution made from 540 mg BaATP, 2-2 ml, 24% KCl, 4 ml. 4% choline 
chloride, 2 ml. 0-5 % eserine sulphate) 0-1 ml. 2-4% MgCl,.6 H,O, 0-2 ml. 6-7 % Na citrate, 0-1 ml. 
0-6% Na,HPO,, 0-1 ml. 2-7% Na acetate. 3H,0, 0-1 ml. 6% 1-cysteine solution, 0-11-0-12 mi. 
aged pigeon liver enzyme (Kaplan & Lipmann, 1948); water to give final volume of 2-5 ml. 

Incubation was carried out in two stages. In the first stage the above constituents were 
incubated at 37° C without the brain extract for 10-15 min in order to allow acetyl CoA to form. 
Then the second stage of incubation was begun with the addition of brain extract; this was 
continued for 60 min, and the acetylcholine formed was expressed as ug ACh/hr and provided the 
estimate of the activity of choline acetylase in the brain extract. At the end of incubation, six 
drops of B.D.H. Universal Indicator and 1 ml. of x/3 HCl were added to each flask. The acidified 
neubates were boiled and their acetylcholine content assayed on the frog rectus abdominis 
following the procedure described by Feldberg & Hebb (1947). 


RESULTS 
Comparison of homogenates and extracts of acetone-dried brain 

Homogenates of brain were much less active than extracts of acetone-dried 
brain. When, however, the homogenates were treated before incubation with 
ether or an ether-chloroform mixture, procedures previously shown to increase 
acetylcholine synthesis in fresh tissue suspensions (Stedman & Stedman, 1937, 
1939; Feldberg, 1945), their activity became equivalent to the activity of 
extracts of acetone powder. This is seen by comparison of columns 1, 2 
and 3 in Table 1. 


Tasiz 1. ACh synthesis, expressed as yg/g fresh brain/hr; activity of extracts of acetone-dried 
brain compared with that of untreated and treated samples of homogenate 


Extracts of Treatment of whole homogenates 
acetone-dried 
brain None Ether-chloroform Ether Acetone 
850 120-170 800-920 
1000-1200 320-360 1120 
730-850 220-280 680 720-920 760-880 


Acetone treatment also activated the homogenized tissue. Its effect is 
shown by the following experiment. Samples of homogenate were precipitated 
in 100 vol. of cold {—10° C) acetone after which they were shaken vigorously 
and centrifuged at 4800 g for 5 min. The supernatant acetone was discarded 
and the sediments, after being dried for 3-5 hr in vacuo (300 mm Hg below 
atmospheric pressure) over P,O,, were taken up quantitatively in known 
amounts of water and then incubated in the normal way to determine their 
choline acetylase activity. As isshown by columns 4 and 5 of Table 1, this was 
found to be the same as the activity of ether-treated samples of homogenate. 

A comparison of the activating effect of ether with that of chloroform-ether 
mixture or chloroform alone showed that ether by itself was a more effective 
activating agent than chloroform. Since treatment with ether was shorter 
and more convenient than treatment with acetone, ether was the agent 
routinely employed to activate preparations used in subsequent experiments. 
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In detail the procedure was as follows. When the extracts were very active 
they were first diluted 24 times with distilled water. 0-4 ml. ether was added 
to 1 ml. of extract or diluted extract, the mixture shaken vigorously and stored 
at 0-3° C for 10-15 min; then after shaking once more, the ether was blown 
off by bubbling air through it rapidly for 1 min. 


TasLe 2. Effect of various treatments on the choline acetylase activity in fractions 
of two brain homogenates (A and B) 


ACh synthesized, | pg/g brain tissue 
Centrifugal force, Homo. _ Treated Treated 
g x time (min) Fraction genate Untreated with ether with acetone 
600 x 10 Sediment A 0 0-18-5* — 
800 x 10 Sediment B 62-5 50 _ 
1,500 x 10 Sediment B — 28-34 — 
12,000 x 20 Sediment B 177-267 400 177 
12,000 x 20 Sediment B — 153 
15,000 x 30 Sediment A 58-116 367*-441 151 
25,000 x 60 Sediment A 5-2 42 — 
25,000 x 60 Sediment B 10 64 — 
25,000 x 60 Sediment B 84 106 — 
25,000 x 60 Supernatant A 145 134 —- 
25,000 x 60 Supernatant B 183 214 — 
* Treated with ether-chloroform mixture. 
Differential centrifugation 


Ether-treatment of separate fractions. Homogenates of brain were frac- 
tionated by differential centrifugation and the sediments, as well as the final 
supernatant, were tested for their choline acetylase activity. Control, untreated 
samples were compared with ether-treated samples of each fraction. The 
results which are given in Table 2 show that the treatment with ether activated 
the particulate fractions which sedimented at 12,000 g or higher, but had little 
or no effect on the activity of the final supernatant. This strongly suggests that 
the state of the enzyme in the final supernatant was different from that in the 
particulate fractions. It may be in fact that it was in solution but we cannot 
be certain of this since the maximal speed of centrifugation used was not 
sufficient to ensure that all particulate matter was eliminated from the final 
supernatant. | 

Whereas whole homogenates could be activated by treatment with acetone 
as well as with ether, the particulate fractions brought down at 12,000 and 
15,000 g could not be activated by acetone. These fractions, both of which 
probably contained only mitochondria, were fully activated by ether treatment 
but were unaffected by treatment with acetone. This is shown by a comparison 
of columns 3 and 5, Table 2, Loss of enzyme did not account for this result 
since the acetone-precipitated fractions could be activated by ether in the same 
way that the untreated fractions had been. We have no explanation of the 


difference between the effect of acetone precipitation on the whole homogenate 
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and its effect on the mitochondrial fraction. As will be shown, the mito- 
chondrial fraction accounted for a great part of the activity of the whole 
homogenate; and some activation of the enzyme of the isolated fraction was to 
be expected. 

Distribution of enzyme. The histogram of Fig. 1 summarizes the findings of 
one experiment and shows the partition of enzyme activity between sediment 
and supernatant at each successive centrifugation. With the first and second 
centrifugations very little enzyme was present in the particulate fractions; 
with the third about 50% of all the activity of the homogenate was in the 
sediment ; the final centrifugation brought down only a little more enzyme and 
left the larger proportion in the supernatant. 


800 


800 1,500 12,000 25.000 
Fig. 1. Histogram showing the partition of choline acetylase activity between centrifugates ™ and 
supernatants [) at the centrifugal forces indicated along the abscissa. The ordinate represents 
ACh synthesized per g brain tissue per hr. Times of centrifugation at the successive speeds 
are the same as those given in Tables 2 and 3. 


Table 3 summarizes the results of four experiments and gives the rates of 
acetylcholine synthesis by various fractions expressed as ug/g fresh brain/hr 
and as percentages of the total activity of all the fractions. The results show 
first that about 90% of the activity of the unfractionated homogenate is 
accounted for as the sum of the separate fractions, and secondly that the 
fractions which contain the mitochondria are the most active. 

In the two experiments in which we followed the procedure of Brody & 
Bain (1952) the mitochondrial fraction sedimented at 12,000 g, and had an 
activity of more than 50% of the total activity recovered. An even higher 
proportion of activity was found m the mitochondrial fraction when this was 
isolated by centrifugation at 15,0009 applied immediately after centrifugation 
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at only 600 g. The higher activity of the mitochondrial fraction isolated in this 
way may well be due to a smaller loss of mitochondria to other fractions. 

Histological examination of the fractions sedimented at 12,000 and 15,000 9 
revealed no morphological entity other than mitochondria. They were identi- 
fied by their staining reactions to Janus Green and to aniline acid fuchsin with 
methyl green as counterstain; and were shown to be strongly sudanophilic 
(Sudan III). The particulate fractions brought down at 12,000 and at 15,0009 
were similar to one another. The careful biochemical and histological examina- 
tions done by Brody & Bain (1952) had already established that with their 
procedure the material spun down at 12,0009 gives a pure mitochondrial 
preparation from rabbit brain homogenates. 


Tase 3, Distribution of choline acetylase in fractions of rabbit brain homogenates 
Acetylcholine synthesis by centrifugates and final supernatant 


Centrifugal force, % of ak % of freeh % of fresh % of 
g x time (min) brain total brain - total brain total brain total 
600 x 10 18 3 59 7 — —_— et ae 
800 x 10 —_ _ — _ 62 8 57 7 
12,000 x 20 400 52 409 
15,000 x 30 441 69 469 59 -- 
25,000 x 60 42 7 42 6 64 8 106 14 
Final supernatant 134 21 225 28 214 28 189 25 
Sum of fractions 635 100 795 100 768 100 761 100 
Whole homogenates 705 880 -- 880 880 


In the mitochondrial fraction most of the enzyme was firmly attached to the 
particulate matter. Even treatment with ether did not free it, since, although 
it was then activated, it could still be brought down by centrifugation at the 
relatively low gravitational force of 16009. In addition, when a small amount 
of the mitochondrial fraction was washed twice with half its volume of 0-25 m 
sucrose, the combined washings showed an activity of only 3-10% of the 
activity in the unwashed fraction. 


DISCUSSION 
So far few studies have been concerned with the intracellular distribution of 
enzymes in nervous tissue, and none of these has dealt with choline acetylase. 
In general, the distribution pattern of enzymes in nervous tissue is the same 
as that in liver and kidney; the glycolytic enzymes appear to be soluble, and 
the enzymes responsible for oxidative phosphorylation are associated with 
particles having the histological and sedimentation characteristics of mito- 
chondria (Abood, Gerard, Banks & Tschirgi, 1952; Brody & Bain, 1952). The 
present experiments show that a large part of the choline acetylase, an enzyme 
associated with the unique function of nervous tissue, that of transmission of 
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nerve impulses to effector organs, also sediments with the mitochondrial 
fraction. In fact, 52-69% of the total enzyme of the homogenates could be 
accounted for by that in the mitochondria. 

It remains uncertain whether choline acetylase is associated with the 
mitochondrial fraction alone. The slight activity present in the fractions 
sedimented at 600, 800 and 1500 g probably resulted from the contamination 
of them with mitochondria; indeed, we have observed microscopically, as 
have Brody & Bain (1952), that some mitochondria are present in these 
fractions. The activity in the fraction sedimented at 25,000 g may be similarly 
explained as the result of contamination with mitochondria which occurred 
while decanting the supernatant after centrifugation at 12,000 or 15,000 g. 
However, about 25°% of the tctal activity was always found in the final 
supernatant after centrifugation at 25,000 g. The present data do not enable 
us to decide whether this activity results from release of a portion of the mito- 
chondrial enzyme to the suspension medium during fractionation, or whether 
the enzyme is in fact present in a soluble form or in cellular components, other 
than mitochondria, which were ultimately separated in our final supernatant. 

The sedimentation characteristics of homogenates of brain clearly differ 
from those of liver. Liver mitochondria are already sedimented at 8500 g for 
10 min (Schneider, 1948), whereas brain mitochondria are only sedimented at 
a gravitational force of 12,000 g or higher (Abood et al. 1952; Brody & Bain, 
1952). In our experiments we have found that these higher gravitational forces 
are necessary to sediment brain mitochondria. Abood et al. (1952) have 
suggested that the high lipid content of nervous tissue is responsible for the 
greater difficulty in sedimenting its particulate components. 

The finding that choline acetylase is associated with the mitochondria is of 
interest in connexion with the observation of Jordan (1955) that the mito- 
chondria are concentrated at the synapses of the central nervous system, and 
raises many questions about the physiological significance of this location of 
the enzyme. On the assumption that it is active within the mitochondria and 
synthesizes acetylcholine, it would be expected that these cell particles are also 
the main repository of the acetylcholine found in the nervous system. On the 
other hand, the few experiments so far done to determine the location of 
cholinesterase in nervous tissue indicate that this enzyme is not in the mito- 
chondria but the nuclei (Richter & Hullin, 1951), on the cell membrane 
(Nachmansohn, 1946) or on the larger cell fragments and microsomes (Small- 
man & Wolfe, 1956). However, these indications of a spatial separation of 
choline acetylase and cholinesterase within the nerve cell require confirmation. 

In its natural condition in the mitochondria choline acetylase is firmly 
bound and relatively inactive. In order to reveal its full activity in this situa- 
tion, it was necessary to treat the mitochondria with ether, a treatment which, 
however, did not liberate the enzyme from its attachment to the mitochondria. 
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These findings recall early experiments on the activating effects of ether and of 
chloroform on the synthesis of acetylcholine by brain suspensions (Stedman 
& Stedman, 1937; Feldberg, 1945) and suggest that the activation produced in 
these brain suspensions is also due solely to an action on mitochondria. 

Although the enzyme in the mitochondrial fraction required treatment with 
ether for full activity, the activity of the enzyme contained in the final super- 
natant was fully realized whether it was treated with ether or not. This 
observation may afford an explanation of the difference between our results 
and those of Hagen (1956), who reported that most of the choline acetylase 
activity found after differential centrifugation of homogenates of human 
placenta was contained in the high-speed supernatant. From the preliminary 
account of his work it appears that the separated fractions were used without 
further treatment. If this is the case, then only the supernatant fraction may 
have been capable of full activity, while the activity of the mitochondrial 
fraction would appear to be low. Treatment with ether might reveal the enzyme 
associated with the mitochondria of human placenta, as it does with the 
mitochondria of rabbit brain. 

It seems that the action of ether on mitochondria, whether separated or 


‘ contained in homogenates or brain fractions, is to make the enzyme more 


accessible to its substrates. It may be that ether releases the enzyme from 
a lipid complex, since the lipid content of mitochondria is high (Abood et al. 
1952). A similar interpretation seems applicable to the finding of Girvin & 
Stevenson (1954) that the aqueous extraction of choline acetylase from bacteria 
depends on the preliminary extraction of lipid material from the cellular debris 
with n-butyl alcohol. Alternatively, the effect of ether may be to disrupt the 
mitochondrial membrane by a solvent action on its lipids. In this connexion 
it is interesting to note that Williams (1955), from his observations on the 
oxidation of choline by liver mitochondria, concluded that they have a per- 
meability barrier for choline. If the effect of ether on the activity of choline 
acetylase is due to its effect on the permeability of the mitochondrial membrane 
this would be further support for the view that synthesis of acetylcholine 
occurs within the mitochondrion. 
SUMMARY 
1. In homogenates of rabbit brain choline acetylase activity is lower than in 
extracts of acetone-dried brain made from equivalent amounts of fresh tissue ; 
but the activity of the homogenates can be increased to the level of extracts of 
acetone-dried tissue by treatment with ether or acetone. Chloroform also has 
an activating action but is less effective. 
2. On differential centrifugation of the homogenates from 52 to 69% of the 
choline acetylase is found in the mitochondrial fraction brought down at 
12,000 or at 15,000 g. The only other large single fraction of the enzyme is that 
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which remains in the final supernatant recovered after centrifugation at 
25,000 g. The two fractions differ from one another in that the mitochondrial 
enzyme is largely inactive until treated with ether while the enzyme in the final 
supernatant is fully active without ether treatment. 

3. Most of the mitochondrial fraction of enzyme is firmly bound to the 
particulate matter and is not detached from it even by ether treatment. It is 
suggested that the effect of ether is to make the enzyme accessible to its 
substrates possibly by disruption of lipids forming the mitochondrial membrane. 

We are grateful to Dr W. Feldberg for his interest during this investigation. 
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THE SEVENTH CRANIAL NERVE AND 
INTRA-OCULAR PRESSURE 


By D. P. GREAVES ann E. 8, PERKINS 
From the Institute of Ophthalmology, Judd Street, London, W.C. 1 


(Received 1 June 1956) 


In the course of a series of experiments designed to demonstrate the interven- 
tion of nervous influence in the ‘control’ of the intra-ocular pressure and the 
intra-ocular circulation we have examined the effect of stimulating and cutting 
the cervical sympathetic (Greaves & Perkins, 1952) and the third cranial nerves. 
The cervical sympathetic was found to contain vasoconstrictor fibres to the 
eye and stimulation of this nerve caused a fall in intra-ocular pressure, a result 
which has been reported by many previous workers. Consideration of the 
parasympathetic led us to investigate and report on the third cranial nerve 
(Greaves & Perkins, 1953), which appeared not to contain any vasomotor 
fibres to the eye, as there was no alteration of the intra-ocular pressure on 
cutting or stimulating this nerve, providing contraction of the extra-ocular 
muscles was prevented by decamethonium iodide. 

It occurred to us, however, that the seventh cranial nerve might convey para- 
sympathetic fibres, in view of the reports of previous workers that the pial 
vessels were innervated in this manner. Chorobski & Penfield (1932) showed 
that the facial nerve contained small myelinated and non-myelinated nerve 
fibres which passed into the greater superficial petrosal nerve and thence to the 
internal carotid artery; stimulation of the seventh nerve dilated the pial 
arteries. Forbes & Wolff (1928) had previously found that stimulation of the 
central end of the vagus was accompanied by dilatation of the pial arteries and 
a fall in blood pressure. Forbes, Nason, Cobb & Wortman (1937) confirmed the 
ipsi-lateral vasodilator effect of stimulation of the seventh nerve when the blood 
pressure was constant. They realized that the effect of vagal stimulation on the 
pial vessels was due to two mechanisms; one a reflex with its efferent path via 
the seventh nerve, the other a local response to the fall in systemic blood pres- 
sure. We have stimulated the seventh and the tenth nerves, and in neither case 
have we found any change of intra-ocular pressure other than that attributable 
to accompanying changes in the general blood pressure. 
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METHODS 


. Rhesus monkeys were anaesthetized with intraperitoneal pentobarbitone 
1-5 g./5 lb. body weight. Under sterile conditions the cervical sympathetic nerve, and the stellate, 
middle and superior cervical ganglia of one side were excised and the wound closed. This was done 
in order to prevent vasoconstrictor effects obscuring any local vasodilator effect in the subsequent 
experiments. The final experiment was performed not less than 5 weeks later under chloralose 
anaesthesia, 90 mg/kg, after induction with ether. A tracheal cannula was inserted, and the head 
of the animal fixed in position by means of a clamp and special plate screwed to the vault of the 
skull. 

Blood pressure was recorded from a cannula in the femoral artery. In several riments a blood- 
pressure compensating device was used. This consisted of » cannula in the ebdominal aorta con- 
nected by polythene tubing to a reservoir filled with heparinized blood. The air pressure above the 
blood could be varied by blowing air in with a compressor and adjusting the escape valve. 

Intra-ocular pressure. To record this, needles connected to optical manometers (Greaves & 
Perkins, 1952) were inserted into the anterior chamber after three drops of 1% pantocaine had 
been instilled into the conjunctival sac of each eye, the manometers being freely open to a reservoir 
at a pressure of 25 cm saline, the taps being closed when the needles were in place. 

Dissection. The parietal and occipital cortex of the side corresponding to the sympathectomy 
was exposed. In the first two experiments the posterior half of the cerebral hemisphere was 
excised to expose the intracranial portion of the seventh nerve; but later this nerve was approached 
suboccipitally, a trephine hole having been made in the skull in the lower part of the posterior fossa 
near the foramen magnum. This was enlarged to measure 1 om vertically and 1-5 om across. The 
dura was incised and the brain lifted by packing small cotton-wool swabs between it and the floor 
of the skull. 

Copper-constantan thermocouples were used to indicate changes of blood flow in the ciliary 
body. These were placed in position through a small incision in the sclera 1-2 mm behind the 
corneo-scleral junction, The ‘indifferent’ thermo-junction was placed in the animal’s rectum. 
A continuous record of temperature changes was made, using a mirror galvanometer. For stimula- 
tion of the seventh nerve a pair of platinum electrodes, 1 mm apart, was placed on the nerve 
before its point of entry into the internal auditory foramen. The characteristic of the stimulus 
employed was 4 V, 1 msec, 50 c/s from a square wave stimulator (Attree, 1950) applied for the 
times given. Facial nerve injections were used in some experiments to eliminate orbicularis con- 
tractions. 2% procaine solution was injected into the nerve at a point just below the external 
auditory meatus, this being well distal to the point where parasympathetic vasodilator fibres leave 
the nerve. In other experiments decamethonium iodide (C. 10) 1-5 mg/kg was injected intra- 
venously, and the animal was artificially respired if necessary. Decamethonium is known not to 
depress the response to muscarinic actions of acetylcholine (Paton & Zaimis, 1949) or to block 


For the experiments on the vagus, three cats and one rabbit were acutely sympathectomized by 
removing the cervical sympathetic trunk up to and including the superior cervical ganglion on both 
sides. Both vagi were cut and the central end stimulated on one side. 


RESULTS 
Stimulation of the seventh nerve 
(a) Effect on intra-ocular pressure. In eight experiments on previously 
sympathectomized monkeys it was found that in six out of eight animals in 
which satisfactory akinesia of the facial muscles was achieved, stimulation of 
the seventh nerve for periods of 60 sec and 2 min did not produce significant 
changes in intra-ocular pressure (Figs. 1, 2). 
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Re. Vilth nerve 
stimulated 


Fig. 1. Recording of femoral blood pressure and intra-ocular pressure, IOP, of both eyes during 
stimulation of the right seventh cranial nerve in a Rhesus monkey. The temperature record in 
this animal was taken from the parietal cortex but is not relevant to the experi ribed 
in thia paper. 


Monkey 216 


cm 
30-" 


Ret. Vilth nerve stimulated 
intravenously 
Fig. 2. A continuation of the recording illustrated in Fig. 1, showing the effect of the 
intravenous injection of C. 10 and subsequent stimulations of the seventh nerve. 
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(b) Thermocouple recordings. In three monkeys thermocouples were placed 
on the ciliary body. After akinesia of the facial muscles had been produced 
with procaine, stimulation of the intracranial portion of the seventh nerve for 
2, 3 and 5 min respectively was not accompanied by any change in the tem- 
perature recorded at the ciliary body. There was, therefore, no indication of any 
change in blood flow, besides no change in ocular pressure. As a control, occlu- 
sion of the common carotid artery resulted in immediate fall of intra-ocular 
pressure and temperature in the ipsilateral eye. 


Fig. 3. Recording of femoral blood pressure and intra-ocular pressure of both eyes in a cat 
during stimulation of the central end of the left vagus. 
Stimulation of central end of vagus 

Effect on the intra-ocular pressure. Experiments were performed on three 
cats and a rabbit, all acutely sympathectomized; in addition, the rabbit re- 
ceived 10 mg/kg of dibenamine intravenously half an hour before stimulation. 
The central end of the vagus was stimulated on one side for periods of 15 sec- 
3 min. These stimulations were accompanied by a fall in general blood pressure 
in all four animals. In each animal the changes in intra-ocular pressure in the 
two eyes were equal and reflected the fall in general blood pressure (Fig. 3). 


There was no evidence that vagal stimulation produced a unilateral vasodilata- 
tion in the eye. 
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DISCUSSION 


Our main task has been to investigate whether any change of intra-ocular 
pressure occurs as a result of direct or indirect stimulation of the seventh 
cranial nerve. Provided that contraction of the facial muscles was prevented, 
direct stimulation of the intracranial portion of the seventh crania! nerve did 
not affect the intra-ocular pressure in monkeys. The thermocouple, on the 
other hand, failed to reveal any change which could be considered directly 
related to alterations in local blood flow resulting from stimulation of the nerve. 
We would stress that the two factors, namely vessel calibre and blood flow, 
are by no means interdependent; an increase in vessel calibre may well be 
accompanied by an increase or decrease in blood flow, and it was with this 
in mind that the assessment of blood flow by temperature recording was 
undertaken. 

We believe our periods of stimulation were adequate because in many cases 
stimulation continued beyond the time of vagal escape, and other workers have 
reported responses in shorter periods than this. With a stimulation of only 
30 sec duration, Forbes, Schmidt & Nason (1939) found the response com- 
mencing after 8 sec and lasting for 65 sec. Similar responses were obtained by 
Chorobski & Penfield (1932) with stimulations of only 20 sec duration; also by 
Forbes et al. (1937). 

Reflex seventh nerve stimulation by stimulation of the vagus resulted in 
changes in the intra-ocular pressure only when accompanied by changes in 
blood pressure. These findings, taken together with those on the third cranial 
nerve (Greaves & Perkins, 1953), would appear to show that stimulation of the 
known or suspected parasympathetic supply to the eye does not exert an 
influence on intra-ocular pressure. 

SUMMARY 

1, With facial akinesia, stimulation of the intracranial portion of the 
seventh cranial nerve in previously sympathectomized monkeys did not affect 
the intra-ocular pressure. 

2. Stimulation of the central end of the cut vagus affected the intra-ocular 
pressure only when general blood-pressure changes occurred, the intra-ocular 
pressure following the trend in the latter. 

3. A thermocouple was used to indicate changes in blood flow which were 
found to occur with general blood-pressure changes and carotid occlusion. No 
significant temperature change, however, was recorded from the ciliary body 
on stimulation of the seventh cranial nerve. 

4. We therefore conclude that ihe parasympathetic outflow in the seventh 
cranial nerve plays no active part in the local control of acute changes of blood 
flow in the eye. 
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THE INTRACELLULAR CALCIUM CONTENTS OF SOME 
INVERTEBRATE NERVES 
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Estimates of the calcium content of a variety of whole tissues have been 
reported, but there are indications that much of this calcium is extracellular, 
and there is little reliable information about the intracellular calcium con- 
centration in living cells. In the course of an investigation on the role of 
calcium in invertebrate nerves (for preliminary accounts see Frankenhaeuser 
& Hodgkin, 1955; Fliickiger & Keynes, 1955) a knowledge of the amount of 
calcium in nerve axoplasm became important. A micromethod for the deter- 
mination of quantities of calcium of the order of 1g or less was therefore 
developed by one of us (P.R.L.), and its application to estimate the internal 
calcium of squid giant axons and of whole crab nerves is described here. 
METHODS 
Principle of the analytical technique 

The analytical procedure was developed from the visual titration method due to Schwarzenbach 
and his collaborators (Schwarzenbach, Biedermann & Bangerter, 1946; Schwarzenbach & Gysling, 
1949; see also Martell & Calvin, 1952). It consists in titrating calcium, in alkaline solution, against 
a solution of versene (the disodium salt of ethylenediamine tetracetic acid) in the presence of 
murexide (ammonium purpurate). Versene is a powerful chelating agent for many of the polyvalent 
metals, and combines quantitatively with the calcium; the murexide acts as an indicator, com- 
bining with any free calcium ions to form a red-coloured complex, which decomposes to liberate 
the purple-coloured purpurate ion when the concentration of ionic calcium falls on completing 
the titration. 

The main problem in scaling down this technique lay in the detection of the end-point—when 
the last trace of red disappears from an otherwise purple solution. With the very small amount 
of indicator that could be tolerated in titrating, say 1g of calcium, the end-point cannot be 
distinguished visually, The micro-titration was therefore performed in a colorimeter cell, in 
position in the colorimeter, and the extinction of the solution was measured with a suitable blue 
filter after each addition of versene. The end-point was easily determined from a plot of extinction 
against volume of versene added. Fales (1953) has used a similar method on a somewhat larger 
seale for the determination of serum calcium, and Karsten, Kies, van Engelen & de Hoog (1955) 
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have recently published a discussion of the theory of this type of titration. Hence only an outline 
of our procedure is given below, with those quantitative details dependent on the amount of 
calcium being determined. 

Analytical procedure 

The solutions used in the titration were: 

(1) Disodium salt of ethylenediamine tetracetic acid, 2mm (mol. wt. = 372). 

(2) Ammonium purpurate, saturated solution in distilled water. 

(3) Sodium hydroxide, free from calcium, 25%, w/v (British Drug Houses Ltd.), or potassium 
hydroxide, 6, made up from solid KOH A.R. 

The ammonium purpurate solution decomposes slowly; if kept in the dark at 1-4° C it can be 
used for several days, but not for more than a week. 

Samples were incinerated in small platinum crucibles or in short tubes made from 8 mm silica 
tubing, at a temperature of 600-620° C, until completely reduced to a greyish white ash (large 
flecks of carbon interfere with the titration by causing fluctuations in the extinction when the 
solution is stirred). When cool, each sample was dissolved in 11 yl. of 2n-HCl, and put in an air 
oven at 105° C for a few minutes to decompose at least the major part of any pyrophosphate 
present (pyrophosphate interferes if present in large amounts, but its effect can easily be recog- 
nized, since it reduces the slope of the titration curve as shown in Fig. 1). The solution, plus 
several washings of distilled water, was transferred to the colorimeter cell with the aid of a smal! 
dropping tube; 11 yl. of the alkali and 20 yl. of the indicator solution were added ; the total volume 
was made up to about 0-45 ml. with distilled water; and the titration was begun immediately. 

A Spekker absorptiometer (Hilger Model H'760) was used for the titration, with Ilford 621 
filters. A micro-colorimeter cell (path length 1 cm, capacity 0-5 ml.) was supported in a special 
holder about 3 mm higher than usual, so that the meniscus was above the top of the light beam 
even when the cell was not quite full. The shutter in the comparison beam was adjusted until the 
drum reading on the logarithmic scale was about 0-15 (owing to the raised position of the cell, 
lower readings were not linearly related to the extinction of the solution), The precise initial drum 
reading was noted; 2-4 yl. of the versene solution was added from a micropipette; the solution was 
stirred by gentle blowing down the pipette; and, without altering the position of the comparison 
shutter, the drum was readjusted to the balance point and the new reading noted. Addition of 
versene was continued until the end-point was passed, as indicated by the fact that the extinction 
ceased to change appreciably. Typical titration curves are plotted in Fig. 1, from which it can be 
seen that the end-point can be determined graphically with fair precision. The micropipette used 
in the titration, and indeed all the pipettes used at other stages in the procedure, were of a self- 
filling type similar in principle to that described by Kirk (1950). 

The average standard error in estimating 1 ~g samples of calcium was found to be +3%. 
Most of the samples of Carcinus nerve contained at least this quantity of calcium. The percentage 
error in the analysis of the squid axoplasm samples was certainly higher, since several of them 
contained under 0-2yg of calcium; it may have been as high as +10%, but did not exceed 
+15%. 

This method should be directly applicable to the accurate determination of calcium in most 
biological material. When larger amounts of calcium are available the whole procedure can be 
scaled up. The most convenient dilution to use is 2-3 ug Ca/ml. of titration fluid; with more con- 
centrated solutions, accuracy may be improved, but the estimation is somewhat tedious unless 
a larger pipette is used for the initial part of the titration. The optimum amount of murexide 
to use is that which gives an extinction, relative to distilled water, of about 0-15 at the end-point. 


Interference from other elements 
In sufficiently alkaline solution magnesium does not interfere, nor do sulphate, carbonate or 
phosphate, unless present in large enough quantity to produce a visible precipitate. Pyrophos- 
phate can interfere, but no error from this source was detectable in any of the analyses reported 
here. Invertebrate nerves, however, contain little phosphorus compared with their total sodium 
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and potassium. With tissues having a high ratio of phosphorus to total cations, it would probably 
be advisable to take special precautions to remove pyrophosphate. Certain heavy metals, such as 
iron, copper and zinc, could interfere if present in sufficient quantities; but such interference 
was negligible in our analyses of these invertebrate nerves. 


2. 
[=] 


Extinction coefficient of titration cell 


“0 4 8 12 16 

Number of pipettefuls added 

Fig. 1. Three typical titration curves showing the titration of (a) 1 ug calcium, (6) an incinerated 
sample of whole Carcinus nerve, (c) 2 ug calcium in the presence of a fourfold molar excess of 
pyrophosphate (35 ug as P,O,). The ordinates are the differences between the instrument 
readings and the reading when the cell contains only distilled water. A comparison of curves 
(a) and (c) shows that the presence of a moderate excess of pyrophosphate does not produce 
an appreciable error in the end-point, but does reduce the final slope of the curve, thereby 
reducing the accuracy with which the end-point can be assessed. __ 


The collection and storage of squid axoplasm samples 
The first axoplasm samples were extruded on to quartz threads, weighed on a torsion balance, 
dried, and stored in 3mm quartz tubes as described by Keynes & Lewis (19515). These gave 
unsatisfactory results because of the presence of traces of calcium on the walls of the quartz 
tubing. A second set of samples was therefore collected and stored in a slightly different fashion, 
with rigorous precautions against the possibility of contamination by extraneous calcium at any 
stage of the procedure. The first stellar nerve trunks were dissected from medium-sized specimens 
of Loligo forbesi, and the giant axons were examined critically for signs of damage. After their 
excitability had been tested, a short length of the distal part of the axon was cleaned from small 
fibres, and the axon was cut through in the centre of this stretch. The nerve was lightly blotted, 
and laid on filter-paper with its cleaned end just overlapping on to an underlying block of Perspex 
which was thoroughly washed with distilled water before each extrusion. The axoplasm was then 
extruded on to this block by gentle pressure from a small Perspex roller. It was quickly trans- 
ferred with clean forceps to a cross of platinum wire fixed over the open end of a small specimen 
tube, and weighed with an air-damped reflecting balance accurate to 0-1 mg. The platinum wire 
had been cleaned by repeated dipping into concentrated HCl and flaming, and checks showed that 
there was no measurable quantity of calcium adhering to it. Each specimen tube was mounted 
inside a larger tube to avoid contamination by dust particles, and the samples were left to dry at 
room temperature. Before analysis the central part of the crossed wire was cut out with scissors, 
and sample and wire were incinerated together in small platinum crucibles. 
26 PHYSIO. CXXXIV 
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RESULTS 
Analysis of the calcium in squid axoplasm 

The first four samples of axoplasm, which had been stored in silica tubes, were 
found to contain very little calcium. However, the true calcium concentra- 
tion in the axoplasm could not be calculated reliably, because the silica tubes 
were appreciably contaminated (washings of unused tubes contained about 
0-2ug Ca). After making an approximate correction for this contamination, 
the average calcium content of the axoplasm appeared to lie in the range 
0-6-1-1 m-mole/kg, but the only certain conclusion that could be reached was 
that there must be less than about 1 m-mole/kg. 


Tase 1. The calcium contents of squid axoplasm 


Time from Axon Weight of Total Calcium 
Sample decapitation diameter axoplasm calcium content concentration 
no. (min) (mu) (mg) (mole x 10~-*) (m-mole/kg) 
1 80 — 8-3 4-6 0-55 
2 115 612 12-7 4-6 0-36 
3 ca. 80 490 79 3-95 0-50 
4 67 566 12-4 4-7 0-38 
5 85 596 9-0 3-0 0-33 
6 125 582 116 20-2 1-74 


Samples 1-5 were extruded from unstimulated axons, dissected in sea water. Sample 6 was 
extruded from an axon which was dissected in sea water, and then stimulated for 30 min at 
@ rate of 156 impulses/sec in an artificial sea water containing 112 mu-CaCl,, 10 mm-KCl and 
392 mm-NaCl; temperature 16° C. 


The second group of samples, collected at Plymouth a year later, was 
handled in such a way as to eliminate as far as possible any uncertainty of 
this kind. As may be seen from the results listed in Table 1, the calcium 
concentration in the axoplasm of unstimulated axons was usually less than 
0-5 m-mole/kg, the average value for 5 axons being 0-42 m-mole/kg. Axon | 
was taken from a squid which had died a few minutes before the dissection 
was begun, while the others were from living squid; but there was no marked 
correlation between the calcium concentration and the condition of the squid, 
or the time taken to dissect out the axon and extrude its axoplasm. Our result 
is much lower than that recently reported by Koechlin (1955), who found 
7 + 5 equiv Ca/g (i.e. 3-5 m-mole/kg) in pooled axoplasm from a large number 
of squid. However, Koechlin did not regard this figure as being more than 
an upper limit to the amount of calcium in squid axoplasm, because it was 
obtained by flame photometry, which may not have given reliable values for 
a small quantity of Ca in the presence of much larger concentrations of Na 
and K. The tracer experiments of Rothenberg (1950) would suggest the 
presence in squid axoplasm of even higher concentrations of calcium, since 
he noted an exchange of about 8 m-mole “Ca/kg axoplasm. But it seems 
likely that he was working with damaged axons into which there was an 
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aonormally high net influx of calcium (Fliickiger & Keynes, 1955), whereas 
we were careful to exclude any axons with the least signs of deterioration at 
cut branches. 

The last axon in Table 1 was treated differently from the others, having been 
stimulated (in collaboration with Professor Hodgkin) for some while in a 
medium containing ten times the normal amount of calcium. Taking the 
initial calcium level as 0-42 m-mole/kg, the passage of about 280,000 impulses 
appears to have resulted in a net gain of 1-3 m-mole Ca/kg. The axon diameter 
was 582 1, so that this corresponds to a net calcium entry of some 0-07 pmole/ 
em* impulse. This figure agrees well with the results of “Ca experiments on 
stimulated squid axons, and provides useful confirmation for the occurrence 
of a net inward movement of calcium during nervous activity. Fliickiger & 
Keynes (1955) found an extra influx of 0-015 pmole Ca/cm? impulse in sea 
water containing 10-7 mm of labelled calcium, and the influx is appreciably 
larger when the external calcium concentration is raised (Hodgkin & Keynes, 


in preparation). 


The intracellular calcium content of crab nerve 

Any attempt to estimate intracellular concentrations in multifibre prepara- 
tions is complicated by the need to correct the analytical values for the content 
of the extracellular space. This correction is particularly large, of course, for 
constituents whose concentration inside the fibres is much smaller than outside. 
To determine the calcium content of crab nerve fibres, therefore, whole nerves 
were analysed after soaking for short periods in Ringer’s solutions (for basic 
composition see Keynes & Lewis, 19514) in which various proportions of the 
normal amount of calcium chloride had been replaced by an osmotically 
equivalent amount of sodium chloride. Each nerve was soaked for 10-15 min, 
a period long enough for most of the extracellular calcium to have diffused 
away, but insufficient for much of the intracellular calcium to have escaped. 
The results of this series of analyses are summarized in Fig. 2, where the 
individual analytical values (in m-mole/kg wet weight of whole nerve) are 
plotted against the calcium concentration in the Ringer’s solution. 

If each whole nerve is assumed to consist of two separate compartments— 
an intracellular one containing calcium at the unaltered, in vivo, concentration, 
and an extracellular one with the concentration in the Ringer’s solution used 
for soaking—then the slope of the regression line in Fig. 2 gives the mean 
extracellular space as a fraction, and its intercept on the y axis gives the 
calcium content of the intracellular space. The values so obtained, together 
with their s.z., are: volume of extracellular space = 0-216 + 0-013 L./kg whole 
nerve, calcium content of intracellular space=0-95 + 0-10 m-mole/kg whole 
nerve. Now several lines of evidence suggest that the true extracellular space 
in these nerves lies between 0-24 and 0-27 (Keynes & Lewis, 19514; Lewis, 
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1952), with 0-25 as the most probable value. The figure deduced from Fig. 2 
is therefore slightly low. Such a discrepancy is, however, to be expected if 
the calcium in the extracellular space does not reach quite complete diffusion 
equilibrium with that in the Ringer’s solution in the time allowed for soaking ; 
incompleteness of extracellular exchange would also make the apparent intra- 
cellular calcium content too high. It is not unreasonable to suggest that 
diffusion equilibrium might not have been fully achieved in 10 or 15 min, 
because the half-times for exchange of extracellular sodium and amino-acids 
have been found to be of the order of 3-5 min (Keynes & Lewis, 1951a; 


> 
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Fig. 2. The calcium contents of whole Carcinus nerves, after soaking for 10-15 min in solutions 
containing various concentrations of calcium. 

Lewis, 1952). By assuming that the disagreement in extracellular space 

(taking the correct value as 0-25+0-01) arose wholly from this cause, a 

corrected figure for the intracellular calcium could be worked out, this being 

0-54+0-17 m-mole/kg. Although the basis for the correction cannot be 

regarded as entirely reliable, this value agrees satisfactorily with that for 


squid axoplasm, where the analyses were not complicated by the presence of 
any extracellular calcium. 


The high calevum content of nerves dissected in sea water 

Several Carcinus nerves dissected out in sea water instead of Ringer’s 
solution contained surprisingly large amounts of calcium, up to 50% more 
than would be expected from the results shown in Fig. 2. The only obvious 
differences between the Ringer’s solution and the sea water were that the 
former, like the animal’s blood, contained rather more calcium, but much less 
magnesium and sulphate, and was less alkaline. The high values were not due 
to precipitation of caleivm sulphate, since several nerves dissected in Ringer’s 
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solution containing extra sulphate were found to have a normal calcium 
content. Dissection in alkaline Ringer’s solution did, however, lead to some 
high calcium values, and during the dissection of two such nerves transient 
formation of a white precipitate was seen. The blood of these marine inverte- 
brates is almost certainly saturated, if not actually supersaturated, with 
respect to calcium carbonate (see Potts, 1954), which is liable to be precipitated 
in the interfibre spaces of the nerve if the dissecting medium is more alkaline 
than the animal’s body fluids. 


DISCUSSION 


Our analyses show that the intracellular calcium concentration in both squid 
and Carcinus nerve fibres is of the order of 0-5 m-mole/kg axoplasm. At first 
sight this value may appear surprisingly low, but its essential correctness is 
confirmed by other evidence. Filiickiger & Keynes (1955) and Hodgkin & 
Keynes (unpublished) have used “Ca to study the calcium fluxes in squid 
axons, and the tracer results are consistent with the chemical analyses in that 
they are compatible with the presence of only small amounts of exchangeable 
calcium inside axons in good condition. The observations by Hodgkin & Katz 
(1949) on the dispersive effects on extruded squid axoplasm of solutions con- 
taining small quantities of calcium also suggest that the internal concentration 
of ionized calcium is unlikely to be higher than about 1 m-mole/kg. It is 
probable that many other tissues have a similarly low intracellular calcium 
content. Some samples of 5- and 6-day-old rabbit blastocytes were analysed 
and found to contain about 1 m-mole Ca/kg (P. R. Lewis & C. Lutwak-Mann, 
unpublished), while values of the same order have been obtained for muscle 
(Fenn, Cobb, Manery & Bloor, 1938; Slater & Cleland, 1953). Tipton (1934) 
reported rather higher values for frog nerve, but here much of the calcium is 
probably associated with the phospholipids of the myelin sheath. 

The tracer experiments mentioned above have shown that most of the 
calcium in squid axoplasm is not in a freely ionized form. This is presumably 
also the case in crab nerve, which is known to contain a number of substances 
which have a tendency to combine with calcium ions, particularly phosphorus 
compounds such as ATP, phospholipids and nucleic acids. Moreover, Ruden- 
berg (1954) has reported that nearly half the calcium in homogenates of whole 
lobster nerve is only slowly removed by dialysis against distilled water. 
Further evidence was provided by examining the calcium content of Carcinus 
nerves whose membranes had been rendered freely permeable, if not actually 
destroyed. Thus several crab nerves were first soaked for 20 min in a solution 
containing 2 mm-Ca(NO,), and no other salts, were then transferred for 12 min 
to Carcinus Ringer’s solution also containing only 2 mm-Ca, and finally were 
analysed ; in the first solution they swelled rapidly, and their membranes were 
probably ruptured, since under these conditions small intracellular solutes 
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such as K+ ions and amino-acids are soon lost. These nerves contained over 
4 m-mole/kg of calcium—more than double the concentration of ionic calcium 
in the soaking fluids, and over three times the content of intact nerves treated 
with similar Ringer’s solution (see Fig. 2). A similar result was obtained with 
nerves soaked in Ringer’s solution containing 2 mm-Ca and saturated with 
chloroform to destroy their membranes. Over half the calcium in these nerve 
residues must have been in a combined form, and on any reasonable assump- 
tion concerning the type of binding in the axoplasm, the bound fraction would 
have been an even larger proportion of the whole had a lower concentration 
of ionic calcium been used. Although the state of the axoplasm in the residues 
may well be rather different from that in an intact nerve, these observations 
suggest that the concentration of ionized calcium in the axoplasm of living 
nerves is probably not higher than one- or two-tenths of a millimole per kg. 

The concentration of ionic calcium inside these invertebrate nerve fibres is 
therefore much lower than in the surrounding medium—by a factor of 10 or 
even 100 times. The nerve membrane is clearly not completely impermeable 
to calcium ions (Fliickiger & Keynes, 1955), so that some form of active 
transport mechanism must exist to transfer calcium from inside to outside, 
against both the potential and concentration gradients. The evolution of such 
a mechanism could be a biological accident, but it would seem more plausible 
to suppose that a low internal calcium concentration is functionally advan- 
tageous. This proposition is, perhaps, supported by the fact that the intra- 
cellular calcium concentration is no higher in invertebrates than in vertebrates, 
in spite of the much higher level of ionized calcium in the blood of the former. 
The particular cell function which requires low interna] calcium cannot be 
identified with certainty, but calcium ions undoubtedly have a profound 
influence on many cellular constituents (see Heilbrunn, 1952, for an extensive 
review). Thus they affect the physical state of many proteins, and injected 
calcium has been shown to liquefy the axoplasm of squid axons (Chambers & 
Kao, 1952; Hodgkin & Keynes, 1956); they have a marked tendency to form 
co-valent complexes with many organic phosphates; they rapidly deactivate 
respiratory granules such as the sarcosomes of mammalian heart muscles 
(Slater & Cleland, 1953); and they are intimately concerned in the working of 
excitable membranes (Brink, 1954; Weidmann, 1955; Frankenhaeuser & 
Hodgkin, 1955). The role of calcium in one or more of these respects may be 
such that an unduly high internal concentration would seriously interfere 
with the well-being of the cell. 

SUMMARY 

1. A method is described for the determination in biological samples of 
1 pg or less of calcium. 

2. Analyses of (a) axoplasm extruded from freshly dissected squid axons, 
and (b) whole Carcinus nerves which had been soaked in Ringer’s solution 
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containing various amounts of calcium, showed that in both types of inverte- 
brate nerve the internal calcium concentration is of the order of 0-5 m-mole/kg 
wet weight. 


Some of the squid axons were dissected by Professor A. L. Hodgkin, to whom we are also 
indebted for reading the manuscript. The expenses of this work were met by grants from the 
Rockefeller and Nuffield Foundations, 
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THE RESPONSE OF THE LATERALIS ORGANS OF 
XENOPUS LAEVIS TO ELECTRICAL STIMULATION 
BY DIRECT CURRENT 


By R. W. MURRAY 


From the Department of Zoology and Comparative Physiology, 
University of Birmingham 


(Received 11 June 1956) 


In the study of a sense organ the technique of electrical stimulation by weak 
direct currents can be used to imitate a possible generator potential normally 
produced by accessory structures in the organ, or it may produce directly the 
changes in membrane polarization of the sensory nerves which are now generally 
considered to initiate or alter the frequency of discharge. The stimulation can 
cause either an increase or a decrease in the frequency of discharge and its 
effects can summate with the natural response of the organ. 

There are two main methods by which polarization may be applied. In the 
first, two electrodes are placed on the tissues in such a way that the current 
flows across the sense organ (Matthews, 1931; Granit & Helme, 1939; Katsuki 
& Yoshino, 1952; Tasaki & Fernandez, 1952; Hartline, Coulter & Wagner, 
1952). In the second, one electrode is placed on the nerve and the other on or 
near the tissues surrounding the sense organ (Gray & Malcolm, 1950; Lowen- 
stein, 1955; Edwards, 1955; Murray, 19555); in a variant of this, both stimu- 
lating electrodes are placed on the nerve and the membrane polarization in the 
sense organ is affected by electrotonic spread (Alanis, 1953). 

Sense organs of the acoustico-lateralis system have been stimulated by both 
methods. Katsuki & Yoshino (1952) passed a current through the lateralis 
organs of Anguilla between a steel needle, insulated except at the tip, inserted 
beneath the organ and a wick electrode on the surface of the skin; current 
passing through from surface to base of the sensory epithelium caused an 
increase in the frequency of discharge, and current from base to surface caused 
a decrease. Lowenstein (1955), in experiments on the semicircular canals of 
Raja, passed a current between the sensory nerve twig from which he was 
recording and the tissue mass of the skull; but in this case when the current 
passed from the nerve at the base of the crista outwards through the sensory 
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epithelium towards its surface (ascending current as defined by the author) 
the discharge frequency was increased and with a descending current it was 
decreased 


The lateralis organs of Xenopus laevis have certain special features which 
distinguish them from the other acoustico-lateralis organs which have been 
studied by this technique. Xenopus is one of the few amphibians in which a 
functional lateralis system is retained permanently after metamorphosis, and 
the morphology of the organs (Murray, 1955) is unlike that of those lateralis 
organs in fish which have been investigated electrophysiologically. The 
function of the organs, suggested by behavioural experiments (Kramer, 1933), 
is the detection of minute disturbances in the water, but in an electrical 
investigation such mechanical sensitivity could not be detected; instead, a 
response to changes of temperature was found (Murray, 19555, and un- 
published): on cooling there was an increase in frequency of an irregular basic 
discharge and on warming a decrease. The effect of galvanic polarization on 
the impulse discharge from the lateralis organs of Xenopus has therefore been 
studied, using experimental methods corresponding to the two previously 
mentioned. 

METHODS 

An isolated lateralis preparation was employed consisting of an area of skin from the scapular 
region together with up to 15 mm of the lateralis branch of the vagus nerve, which reaches the 
skin at this point; an average of two active units was achieved by cutting the branches of the 
nerve to all except a single group of sense organs. Physiological saline to the formula of Landgrebe 
& Waring (1944) was used. Weak direct currents were obtained from a simple circuit containing 
a 2 V battery, a high series resistance and a change-over switch, or from the constant-current 
stimulator described by Lowenstein (1955); they were applied to the preparation in one of two 
ways, which will be referred to as Methods I and II. 

In Method I the skin formed a diaphragm across a hole in a Perspex sheet and was totally 
immersed in saline; the pools of saline inside and outside the skin were isolated from one another 
and the nerve was led up out of the saline to recording electrodes in the air. The stimulator was 
connected by Ag—AgCl electrodes to the two saline pools and therefore the current passed across 
@ wide area of skin. 

In Method II the skin was laid epidermis-down on a chlorided silver plate in a moist chamber, 
and the nerve was led up over a suitable series of Ag~AgCl wire electrodes. The current passed 
between the silver plate and one or other of the wires, and the impulses were similarly recorded. 

Permanent records were taken on film, but many of the results were derived from the readings 
of a counting-rate meter; this instrument had a time constant of 5-10 sec at low frequencies and 
thus did not follow sudden changes of impulse frequency accurately, but was most useful in 
recording from multi-fibre preparations. The results described here are based on records from 
forty-two preparations. 


RESULTS 


In the description to be given here the direction of current flow will be indicated 
by the terms: inward, outward, ascending, descending. In Method I an 
inward current flows from the saline pool outside the skin (anode) to the pool 
inside (cathode) and an outward from inside to outside; in Method II an 


Kd 
4 
‘Ss 


410 R. W. MURRAY 


ascending current flows from the electrode on the nerve (anode) to the silver 
plate on which the skin is laid (cathode) and a descending current from silver 
plate to nerve. The use of the terms ‘ascending’ and ‘descending’ follows the 
definition of Lowenstein (1955), but is opposite to that of Edwards (1955). 
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Fig. 1. The response of a two-fibre lateralis preparation to outward and inward currents. Lower 


graph, frequency of discharge (recorded by meter); upper graph, current. 
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Fig. 2. The response of a four-fibre preparation to descending and ascending currents. Lower 
graph, frequency (recorded by meter); upper graph, current. The difference in frequency 
between the discharge at minutes 4 and 8 represents the hysteresis effect. 


The basic discharge rate is readily altered by electrical stimulation and 
currents passing in opposite directions cause opposite effects, namely, increase 
or decrease in the frequency of discharge; this is true whichever of the methods 
of stimulation is employed. The form of the response is also similar with both 
methods, although there are important differences. Fig. 1 shows the response 
to a typical sequence of current changes with Method I, and Fig. 2 with 
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Method II. It can be seen that with sudden make of an inward or of an as- 
cending current there is a large, partially adapting increase of frequency; on 
break of the current there is a post-excitatory depression or negative after-effect 
(which normally is not conspicuous); the frequency soon reverts to near the 
original basic level. On make of an outward or of a descending current there is 
a large, partially adapting decrease of frequency ; on break of the current there 
is a post-inhibitory rebound, or conspicuous increase in frequency above the 
basic level. This rebound is sometimes as large as the increase in frequency at 
make of an opposite current of the same strength; in any case the frequency 
- goon decays to near the basic rate. In some preparations (e.g. Fig. 2) there is 
a ‘hysteresis’ effect, for the basic frequency after an excitatory current remains 
as much as 25% lower than after an inhibitory current; that is, the negative 
after-effect continues for at least some minutes, the frequency remaining lower 
than before the application of the current. 

The chief difference between the responses to the two methods of stimulation 
has already been indicated, but may be re-emphasized by comparing the effect 
of making the saline outside the skin positive (Method I) and the effect of 
making the plate in the same position positive (Method IT). In the first case 
there is an increase in the frequency of discharge, but in the second a decrease. 
The next difference between the two methods is in the strength of current 
needed: the strengths of current which cause an increase or decrease of half 
the basic frequency after adaptation are 10-100 »A with Method I and 
0-5-5 uA with Method II. Both these differences were confirmed by treat- 
ment of the same preparation successively with the two methods. 

When a current passes through an electrode applied to the nerve the size of 
the recorded spikes varies with the strength and direction of the current, the 
extent of this variation depending on the relative positions of stimulating and 
recording electrodes. Normally the recording electrodes were the silver plate 
and a wire electrode at the end of the nerve, since this arrangement gave the 
greatest inter-electrode impedance. Because of damage to the cut end of the 
nerve during dissection the potentials recorded were monophasic, the plate 
going negative to the wire during the spike. Under these conditions an as- 
cending current causes a reduction in recorded spike size, and a descending 
current an increase (Fig. 3). In one experiment ascending currents of 5 uA 
made the spikes indistinguishable from the amplifier ‘noise’, and descending 
currents of 5 uA caused a doubling of spike height. These effects are greatest 
when the stimulating current is channelled through the recording electrodes, 
and are reduced proportionally when a separate stimulating electrode is 
placed on the nerve nearer the skin. If a separate stimulating electrode is used 
in this way a stronger current is needed to produce the same change of frequency. 

Two further aspects of the response to polarization may be studied separately, 
namely, the initial response and its adaptation when the current is changed, 
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and the level of the discharge frequency after adaptation has taken place under 
conditions of constant current flow. The latter aspect can more conveniently 
be taken first, and Fig. 4 shows the way in which the frequency depends on the 
strength and direction of the current flow; here the stimulus-response relation- 


No current 
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No current 
4 pA desc. 
No current 
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Fig. 3. Records from a single-fibre preparation showing the irregularity of the basic discharge and 
the effects of ascending and descending currents on spike height and frequency (stimulating 
electrode between the skin and the recording electrode). 
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Fig. 4. Discharge frequency after partial adaptation as a function of current strength. A, two 
multifibre preparations (recorded by meter); B, single-fibre preparation (from photographs). 
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ships of three representative preparations are plotted. It can be seen that the 
relationship is approximately linear. 

The main characteristics of the adaptation are shown in Figs. 1 and 2; they 
can be seen most clearly after make of the excitatory current, but the same 
features may be found during inhibition. There is an immediate, big and 
relatively transient response to sudden make, and the adaptation is largely 
complete within 15 sec. On the other hand, some measure of adaptation still 
continues for as long as 1-2 min. If allowance is made for the irregularity of 
the discharge, the course of the adaptation is a smooth curve, but, when 
compared with an exponential decay, falls more steeply at first and then 
flattens out, so that the appearance is sometimes given of a sharp kink after 
about 15 sec. 


Time (min) 


Fig. 5. The response of a four-fibre preparation to ascending and descending currents applied 
gradually, showing the long adaptation times. Lower graph, frequency (from photographs) ; 
upper graph, current. 


The adaptation process was not studied in detail, but experiments were 
performed in which the changes of current were made slowly and smoothly, 
using the constant-current stimulator and Method II. Fig. 5 shows the result 
of one experiment in which the changes of current took about half a minute for 
completion; there is only the slow, long-term adaptation without the initial 
large response. If the changes of current are made more rapidly, the initial 
response is correspondingly greater and the first stage of the adaptation 
steeper. The extent of the slow adaptation varies considerably between 
preparations. 

Similar features are presented by the decay of the post-inhibitory rebounds, 
which represent another aspect of the process of adaptation. Those preparations 
which have extensive adaptation have large rebounds. The time course of the 
decay of the rebound is shorter than that of the adaptation, but also shows a 
steep initial fall with a long, slow continuation. If the fall of the inhibitory 
current is slow, the immediate, large rebound is absent (Fig. 5); faster rates of 
fall of the inhibitory current result in correspondingly greater rebounds. There 
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is one further property of the rebounds: their extent is also determined by the 
length of time during which the inhibitory current has been flowing. The 
greater the duration, the bigger is the rebound ; both these effects are shown in 
Fig. 6. 

Isolated preparations of dorsal cutaneous nerves and the part of the skin to 
which they run were tested with Method II. Ascending currents cause a 
partially adapting outburst of impulses, and on break of a descending current 
there is a post-inhibitory rebound. If a preparation is found in which one or 
more fibres are firing ‘spontaneously’, this discharge is inhibited by descending 
currents. The time taken for adaptation to be 90% complete may be as great 
as two minutes. 

During experiments with Method I measurements were made of the electrical 
resistance of the skin. This was found to be 100-150 Q/cm’. 


min min 1 min imin 2 min 22min 2 


Fig. 6. The effect of duration and rate of fall of a descending current on the post-inhibitory 
rebound of a normally silent preparation. In each experiment the strength of current was 
2-8 » A; the duration of current flow was either 1 or 2 min; the rate of fall of the current is 
indicated by the letters L, M and 8 which refer to the long (6 sec), medium (4 sec) and short 
(2 sec) time constants of the stimulator; the experiments are reproduced in their correct 
sequence, but at conventional intervals (frequencies recorded by meter). 


DISCUSSION 
The site of initiation of nerve impulses 

The apparently contradictory results of stimulation by Methods I and II 
(p. 411) can best be explained by the following hypothesis. When, for example, 
an ascending current is applied between the nerve (anode) and the outside of 
the skin (Method II), a significant portion of the current is channelled through 
the inside of the individual fibres, passing into the fibres under the stimulating 
electrode and passing out over the whole length of the fibres’ course through 
the skin, and especially in the region of the lateralis organs where the fibres are 
non-myelinated and therefore have a lower membrane resistance (Fig. 7 B). 

The current passing out of the fibres in the region of initiation of the basic 
discharge tends to depolarize the nerve membrane and results in an increase in 
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the frequency of the discharge. On the other hand, when, for example, an 
jnward current is passed between outside (anode) and inside of the skin 
(Method I), a potential gradient is established in the vicinity of the sense 
organ and its associated nerve endings (Fig. 7A). Such a gradient results in 
hyperpolarization of the extreme ends of the fibres (locus 1) and depolarization 
of the more proximal regions (locus 2). Yet it is this direction of current flow 
which causes an increase in the frequency of discharge. It cannot therefore be 
the extreme ends of the sensory nerves (locus 1) which are the site of the 
repetitive firing mechanism, but rather a more proximal region (locus 2), 
probably at the base of the sense organ near the start of the myelination, or 
even at the first node. For it is only in the latter region that the electrotonic 
changes in membrane potential are of the correct sign and would result in the 
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Fig. 7. Diagram showing postulated lines of current flow under three conditions of stimulation. 
In each figure is shown a representative sensory cell and nerve ending; the nerve is divided 
into three regions which represent respectively the course of the myelinated fibre through the 
thickness of the skin, the non-myelinated branches in the sense organ and the specialized low- 
resistance endings between the sensory cells. In each case the direction of current flow shown 
is that which causes an increase in the frequency of discharge, and in each case the nerve 
membrane in the region of the first node is depolarized. A, stimulation by Method I, inward 
current; B, stimulation by Method II, ascending current; C, stimulation by a possible 
generator potential produced at the apex of the sensory cells by tension on the sensory hairs 
(by homology with the potentials in Acerina, Jielof e¢ al. 1952). In A and B the polarity is 
controlled experimentally, in C it is recorded. 


observed changes of discharge frequency. The alternative explanation would 
not produce the observed regular and graded changes of frequency ; this would 
involve, during the passage of the current, either a partial blocking of impulses 
initiated terminally ora sudden change of the site of initiation to a subterminal 
position. 
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An essential feature of this hypothesis is that applying the current to the 
nerve (Method II) is not equivalent to applying the current to the point where 
the nerve leaves the skin, and that the nerve does not act merely as a uniform 
conductor of the current from the electrode wire to the skin, the current then 
spreading out through the skin to reach the electrode plate on the outside. If 
this were the case, the nerve endings would be situated in an externally applied 
potential gradient as in Method I. An ascending current, for example, would 
produce the same direction of gradient as an outward current, and it would not 
be possible to explain the observed opposite sign of the response when using 
these two directions of current flow. 

It is therefore necessary to show that in Method II a significant proportion 
of the current enters the active fibre and is routed along it to its ending in the 
sense organ. This intracellular component of the total current will depend on 
the relative resistances of the intracellular and extracellular pathways. The 
former pathway consists of the electrode on the nerve, the nerve membrane 
(including the damaged cut end of the fibre), the axoplasm, the nerve mem- 
brane in the sense organ, the sense organ and the outside electrode. The latter 
pathway consists of the electrode, the connective tissues, fluids and inactive 
fibres in the nerve running up from the skin, the skin tissues and the outside 
electrode. The lower the relative resistance of the intracellular pathway, the 
more effective will a given applied current be. The observed decrease in 
effectiveness of an applied current when the electrode is moved down the nerve 
closer to the skin results from the fact that this movement reduces the resis- 
tance of the extracellular pathway more than that of the intracellular, for the 
membrane resistance component of the latter (the most important component) 
is not affected. 

The argument is strengthened by the fact that the response to stimulation 
by Method II does not depend on the relative positions of the point where the 
nerve leaves the inside of the skin and of the lateralis organ on the outside. 
The horizontal distance between the two points may be as much as 4 mm in 
skin approximately 1 mm thick. Conduction of the current within the fibres 
results in equivalent conditions whatever the relative position of nerve trunk 
and sense organ. 

The actual strength of current reaching the ending of an active fibre will 
depend on the total current and on the proportion of the current which follows 
that pathway. The proportion of the current, however, will depend on the 
number of fibres in the nerve with which the electrode makes contact; the 
greater the number of fibres, the lower is the resistance of the extracellular 
pathway, and therefore the smaller is the proportion of current which flows 
within the active fibre. In general, the ratio of total current to number of 
fibres should be constant. In Xenopus there are 150-250 fibres, and the 
strength of current which brings about a change of half the basic frequency 
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after adaptation varies between 0-5 and 5 yA. This represents a ratio of 
0-002-0-03 A/fibre (it is not implied that all this current travels within the 
fibre). In Lowenstein’s (1955) preparation from the ampullae of the semi- 
circular canals of Raja the equivalent current strength was 0-05-0-5 pA, and 
therefore the number of fibres in his nerve twig was probably smaller than 30. 
He states (personal communication) that this estimate is likely to be of the 
correct order. In similar experiments with the ampullae of Lorenzini of Raja 
(Murray, unpublished) ratios of the same order have been obtained. 

In the general hypothesis it is suggested that during the passage of an 
inward current (Method I, Fig. 7A) the ends of the fibres are hyperpolarized 
and that a more proximal region is depolarized. It is obvious that the region 
of depolarization includes that part of the course of the fibres that lies deep in 
the dermis, but it must also be shown that it extends distally sufficiently far 
for the postulated region of initiation of the basic discharge to be under the 
influence of the sense organ and its accessory structures. If a nerve fibre is 
exposed to an external potential gradient along its length, the point where the 
membrane potential is unaltered depends on the relative resistances of the in- 
ternal and external media, but mainly on the membrane resistance at different 
points along its length. Since one end of a lateralis nerve fibre is non-myelinated 
and much-branched, and the other single and myelinated, the effective total 
resistance across the membrane at the former is reduced and the region of 
nerve where the membrane potential is unaltered is shifted towards that end. 
Furthermore, the unaltered region will be even closer to the end if the extreme 
ends of the branches of the fibre are specialized for low membrane resistance 
(as suggested by Davis, Tasaki & Goldstein, 1952). It is therefore assumed that 
in the lateralis organs these three factors (non-myelination, branching and 
specialized ends) are sufficient to reduce the region of hyperpolarization 
during the passage of an inward current to the branches of the nerves in the 
lateralis organ itself, leaving the membrane at the first node and even at the 
end of the myelination subject to depolarization. Davis et al. (1952) also have 
postulated that the region of the sensory nerves in the cochlea in which 
impulses originate may be as much as 50-100 » from the end (the distance is 
the same in Xenopus). When there is a basic discharge this means that in the 
region of its initiation the nerve membrane cannot maintain a resting potential 
indefinitely without being depolarized. The postulated special low resistance 
ends of the fibres could be the pathway through which the necessary de- 
polarizing currents flow. 


The generator potential hypothesis 
sAccophiinin potentials have previously been recorded from lateralis organs 
of fish (Jielof, Spoor & de Vries, 1952), and therefore the question arises 


ap such potentials would be sufficiently great to act as generator potentials 
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and bring about directly the initiation or change of frequency of impulses in 
the sensory nerves. The experiments on Xenopus afford some evidence on this 
point. With Method I, 10 1A was a near-threshold strength of current; this 
flowed through an area of skin whose resistance was approximately 150 ohms, 
and so the potential developed across the skin was 1-5mV or 1-5 »V per 
p thickness. The potential drop across the sense organ between the endings of 
the nerve fibres and the point at which the myelination begins (a distance of 
50 ) was therefore 75 » V. This is of the same order of voltage as the micro- 
phonic potentials recorded by Jielof et al. from close above the lateralis organs 
of Acerina (30-100 1 V). It is therefore possible by application of the results 
from lateralis organs of one type to the homologous organs of another to state 
that the microphonic potentials recorded from lateralis organs are likely to be 
sufficient to cause changes in the discharge rate in the nerves without the 
intervention of any other mediator. The potentials recorded by Jielof et al. 
were negative above the organ and positive below, so it is necessary to assume 
local circuits similar to those drawn out in Fig. 7 C if the microphonic potential 
is to bring about depolarization of the nerve membrane in the "oe at the 
start of the myelination. 

In the past the generator potential concept has rues used with two rather 
distinct meanings. It has been applied to the depolarization of the nerve 
endings in the sense organ (Bernhard & Granit, 1945; Katz, 1950; Hartline, 
Wagner & MacNichol, 1952; Gray & Sato, 1953) or to a potential produced by 
accessory structures in the sense organ which results in the depolarization of 
the nerve endings (Granit & Helme, 1939; Jielof et al. 1952; Davis et al. 1952); 
in both instances it is a potential which varies continuously with the intensity 
of the applied stimulus and functions as an intermediate stage in the conversion 
of the stimulus into a series of discrete nerve impulses. It is now generally 
accepted (e.g. Matthews, 1937; Eccles, 1953, p. 179) that the frequency of 
discharge in a sensory nerve is determined by local environmental events 
which alter the membrane potential in the sense organ; and therefore the 
term “generator potential’ could with advantage be restricted to the second 
of the applications given above, that is, to those instances in which the local 
environmental events are electrical as opposed to mechanical or chemical. 
Electrical stimulation of a sense organ by channelling the current through the 
nerve or by electrotonic spread along the nerve cannot afford evidence for the 
existence of a generator potential in this restricted sense. 


Adaptation 
The phenomena of adaptation and rebound shown by the lateralis organs 
were mostly to be expected from the results of previous direct-current stimu- 
lation of sense organs and isolated nerve fibres. The main point of interest is 
the slowness of the adaptation, especially as it appears after slow changes of 
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current, and the possible implication that more than one process is involved, 
one responsible for the fast adaptation and another for the slow; the hysteresis 
effect may also represent a process of adaptation with an even longer time 
course. The long duration of the adaptation may be compared with the times 
recorded from other preparations; for example, in the frog muscle-spindle 
adaptation to constant current is almost complete after 1 sec (estimated from 
the figures in Matthews, 1931 and Edwards, 1955). However, in the ampullae 
of the horizontal semicircular canal adaptation may not be complete as long 
as 1 min after a slow change of current (Lowenstein, 1955, Fig. 3). In Xenopus 
the adaptation rate to steady mechanical stimulation cannot be compared 
with that to electrical stimulation, since it has not proved possible to obtain a 
sensitive response in the lateralis nerves to slight mechanical stimulation of the 
skin, but the adaptation in response to temperature change has been found to 
last for 1-2 min. The similarity of adaptation times to thermal and electrical 
stimuli may therefore be a reflexion of a single mechanism. Another indication 
of the similarity of the mechanisms whereby temperature change and electrical 
stimulation affect the discharge frequency is the quantitative summation of 
the responses to the two stimuli applied together (Murray, 19555). 


SUMMARY 
_.1. Two methods of applying electrical stimulation to the lateralis organs of 
Xenopus are described; the current may either pass across the skin or be 
channelled through the sensory nerve fibres; evidence is presented on 
confirms the latter route. 

2. Increase of the basic frequency was obtained with inward ue with 
ascending currents, decrease with outward and with descending currents. 
These responses showed partial adaptation at make and rebound at break of 
the current, with time constants of 15-60 sec. The frequency of discharge 
after adaptation varied in a linear manner with the stimulating current. 

3. Apparent contradictions in the results are explained by the hypothesis 
that the impulses are initiated subterminally in the nerve, possibly at the 
first node. 

4. The sensitivity of the preparation is sufficient for a response to be given 
to electrical stimuli of the same order of voltage as the microphonic potentials 
described in the literature. 
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/ THE RELATION BETWEEN SWEATING AND THE 
INNERVATION OF SWEAT GLANDS IN THE HORSE 


By F. R. BELL anv C. LOVATT EVANS* 
From the Department of Physiology, Royal Veterinary College, London, N.W. 1 


(Received 22 June 1956) 


In man and some other mammals the eccrine sweat glands are supplied with 
sympathetic but cholinergically operated sécretory nerve fibres. In the horse 
the sweat glands are of the apocrine type and respond to adrenaline. Evidence 
has been advanced (Evans & Smith, 1956; Evans, Smith & Weil-Malherbe, 
1956) to show that they are normally brought to function not by the action of 
sympathetic secretory nerve fibres, but by the presence, or increase, of adrena- 
line in the circulating blood. Noradrenaline does not have this action, though 
it causes piloerection, as in the eccrine species. 

One of the arguments in support of this opinion was provided by the confirm- 
ation of an observation made incidentally by Dupuy (1816), who showed that 
section of the vagosympathetic trunk in the neck or excision of the guttural 
(anterior cervical) ganglion was followed after an interval of about $ hr by 
sweating in the area so cut off from sympathetic impulses. Stimulation of the 
peripheral end of the divided vagosympathetic trunk gave complex results, 
though it caused no sweating when applied at the time of, or a few minutes 
after, section of the nerve trunk. The purpose of the present experiments was 
to study further the effects of section and stimulation of the preganglionic 
cervical sympathetic, above its fusion with the vagus. 


METHODS 


: Three experiments were carried out on New Forest ponies of 136-184 kg. Areas of skin about 


3x3 cm (lettered as in Fig. 1) were shaved. Of these areas D and E would be expected not to be 
denervated by section of the left sympathetic near the ganglion, while A, B and C would be. The 
central part of each area was painted with alcoholic ferric chloride for taking of sweat impressions 
at intervals by Silverman & Powell's (1944) method. The animals were anaesthetized with chloral 
intravenous (I.v.) (up to about 0-25 mg/kg) and the place where the sympathetic and vagus nerves 
separate was found: the anterior cervical ganglion lay 1-14 cm cephalad of this point. The 
sympathetic was cut near the point where it left the vago-sympathetic trunk. Stimulation of the 
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F 
3 
‘ 
at 


422 F.R. BELL AND C. LOVATT EVANS 


end was effected by an electronic stimulator giving alternating pulses of 50 or 100/sec at 
10-15 V. Intravenous injections were made into the left saphenous vein. 

The animal was kept warm by electric blankets and radiators. If too cool, sweating was reduced ; 
if there was too much radiant heat the sweat evaporated. In any case the amount of sweating was 
small compared with that of a normal hunter, and 1 mg adrenaline (say 6 ug/kg) 1.v. only pro- 
duced about as much sweating as would be caused by 0-5-1-0 ug/kg for a hunter. The sweat- 
impressions are therefore mostly rather light. There was evidence in Expt. 3 that painting the skin 
with the alcoholic ferric chloride caused some local inhibition of sweating, since the surrounding 
unpainted areas sweated iderably more, especially towards the end of the experiment. It was, 
however, the only available way omens oie. 


_ Fig. 1. Diagram showing the areas from which sweat impressions were taken. 


RESULTS 


Expt. 1. 12 April 1956. Male 136 kg. Chloral hydrate 0-22 g/kg, supplemented as required 
during experiment. No sweat at beginning of experiment. 

12.37. Left syrapathetic exposed and cut proximal to guttural ganglion. No sweat anywhere by 
1,37 or 2.40. Rectal temp, at 1.40 was 36-9° C. Electric blankets to both sides of body, 
which prevented further fall, but caused no rise of temperature. 

2.41. Start stimulation of sympathetic, peripheral end, at 10 V 50 c/s. This caused pallor of 
conjunctiva and gums. Voltage increased to 15 V at 2.42, which increased the pallor, 
dilated pupil, and increased palpebral fissure. 

2.51. No sweat anywhere. 

2.54. Increase stimulus to 15 V 100 c/s. Increased effects on blanching and on eye and some 
piloerection seen on nose, especially after 1 min interruption of stimulation. 

3.01. Still no sweat anywhere. Stop stimulation. 

3.04. Adrenaline 1 mg 1.v. 

3.06. Sweat impressions: A and B slight ( +). 

3-07. Sweat impression: C distinct ( + +). 

3.12. Sweat impression: D abundant (+ + +). 

3.09-3.20, Stimulate sympathetic 15 V 100 o/s. 

3.15, Sweat impressions: B-, D-. 1 mg adrenaline 1.v. 

3.18. Sweat impressions: B-, D+ +. 

3.20. Sweat impressions: B-, D+ + +. Stop stimulation. 

3.22. Sweat impressions: B—, D -. 

3.25. Adrenaline 1 mg Lv. 

3.27. Sweat impressions: B+, D+ +. 

3-29. Sweat impressions: B+, D+ +. Sweat dripping at perinaeum and eyelids. 

3.32. Noradrenaline 3 mg 1.v. No sweating. Rectal temperature 36-5° C. 
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3 min after 1 mg adrenaline Lv. 


NATURE OF HORSE SWEATING 


stimulation of sympathetic and 3 min after adrenaline 2 mg 1.v. 


stimulation of cervical sympathetic, and 3 min after adrenaline 1 mg 1.v. 2.29 


cutting cervical sympathetic. 1.39. 3 min after 0-5 mg adrenaline 1.v. 


Fig. 2. Sweat impressions from Expt. 2: 12.30. 
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Expt. 2. 25 April 1956. Male 184 kg. Chloral hydrate 0-23 g/kg. Horse kept warm 38° C. Left 
guttural ganglion exposed. 
12.27. Adrenaline 1 mg 1.v. 
12.30. Sweat impressions: B+ +,C +++, E+ ++ (Fig. 2). 
12.33. Action over, all dry. 
12.38. Sympathetic cut, 
12.58. Sweat impressions: B+, C+, D-, E? (3 spote only). 
1.13. Sweat impressions: A+, B?,C+, D-, E-. 
1.32. Sweat impressions: A+, B+,C+, D-, E- (Fig. 2). 
1.36. Adrenaline 0-5 mg Lv. 
1.39. Sweat impressions: A+ + +, B+,C++, D+, E+ + (Fig. 2). 
2.02. Sweat impressions: Only B+. Action over. 
2.06. Stimulate sympathetic below ganglion 15 V 100 c/s. Good vasvalar effect on gums and 
conjunctiva. 
2.08. Sweat impressions: B?, C?, others nil. 
2.09. 1 mg adrenaline Lv. 
2.12. Sweat impressions: A-, B?, C-, D+ +, E+ + (Fig. 2). 
2.17. Stimulation stopped. 
2.24. Stimulation of sympathetic started. Clear piloerection over face, and blanching of gums. 
2.26. Adrenaline 2 mg. I.v. 
2.29. Sweat-impressions: A?, B?, C-, D+ +, E+ + (Fig. 2). 
2.32. Stimulation stopped. 
2.37. Cut left vagus. 
3.04. Adrenaline 2 mg 1.v. 
3.07. Sweat impressions: A+, B+, D+, E+. Left Zygoma wet. 
. Haupt, 3. 9 May 1956. Mare 181 kg. Chioral hydrate. Left guttural ganglion exposed. Temp. 
kept to 37-5-38-2° C. 
11.00. Sweat impressions. A-E all negative. 
11.03. Adrenaline 1 mg Lv. 
11.06. Sweat-impressions: A to E all + ve. 
11.20. Sympathetic cut near junction with vagus. 
11.55. Sweat-impressions: all negative. 
12.15. Head covered to reduce evaporation by radiant heat. 
1.15. On uncovering, a good deal of sweat on side of face, but drying quickly. 
1.30. Sweat impressions: B+, C+, D-, E-. 
1.34. Adrenaline 10 mg 1.v. 
1.37. Sweat impressions: all doubtful on areas treated with FeCl,, but evident sweat present 
on surrounding areas near these. 
1.47. 


2 10, | T° further injections of 10 mg and 1 mg gave similar results at the FeCl,-treated areas. 


2.25. New areas B’, C’, D’, E’ shaved near B, C, D and E gave good responses to adrenaline at 
2.31. These new areas were used in subsequent tests made within } hr of applying 
FeCl, to them. 

2.38. Stimulate sympathetic 15 V 100 c/s. 

2.43. No sweat. 

2.46. Adrenaline 10 mg 1.v. 

2.51. Sweat impressions: B’ —-, D’ + + +, E’+ ++. 

2.53. Stop stimulation. Dissect and divide infraorbital nerve. 

2.58. Stimulate peripheral end of infraorbital nerve. 


3.04, Evident vasodilatation on left side of gums, but no sweat on muzzle or face. Stopstimulation. 
3.05. Adrenaline 10 mg 1.v. 


3.12 and 3.15. Sweat impressions, B’ + +, D’ + +. 
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DISCUSSION 


The experiments add further confirmation to the original observation of 
Dupuy (1816), who found that section of the sympathetic nerve supply to the 
head or of the vago-sympathetic trunk led to spontaneous sweating in the 
decentralized areas of skin. They further show that stimulation of the cervical 
sympathetic not only does not produce sweating in the area of skin supplied, 
but can suppress or greatly reduce the sweating response to adrenaline in those 
areas. This inhibitory effect may probably be ascribed to intense vasocon- 
striction, which is conspicuous on the gums and conjunctiva and probably 
includes the skin. Incidentally, the stimulation was seen sometimes to cause 
piloerection along the nose, but this effect was not conspicuous as the hairs 
were long and fine. . 

The experiments do not contribute any specific explanation for the spon- 
taneous sweating which sets in some time after section of the sympathetic. 
Vulpian’s (1878) suggestion that the sympathetic fibres were sudo-inhibitory is 
understandable, but offers no clue to the excitatory effect which they might 
oppose, and was rejected by Luchsinger (1883). It was supposed by Evans & 
Smith (1956) that the stimulus to the sweat glands is a humoral one, repre- 
sented by the presence of adrenaline in the blood, and that the sympathetic 
fibres only control the situation through their action on the local circulation, 
thus controlling the rate of access of adrenaline to the gland cells. Hence, in 
accordance with this view, section of the sympathetic, by causing vasodilata- 
tion, will favour or cause sweating, while any circumstance which lowers the 
skin circulation, e.g. a fall of body temperature, as occurred in Expt. 1, will 
tend to prevent the onset of sweating after sympathetic section. Further, 
powerful stimulation of the sympathetic fibres may, as in these experiments, 
so restrict avcess of blood to the skin as to prevent or reduce the normal 
response to raised blood adrenaline. It was stated by Luchsinger (1883) that 
stimulation of the infraorbital nerve led to sweating on the muzzle and lower 
parts of the face, and he concluded that the nerve contained direct secretory 
fibres. The results could, however, be explained in accordance with the hypo- 
thesis outlined above as being a consequence of the stimulation of vasodilator 
fibres, and Expt. 3 showed that such fibres are present, though in this instance 
no sweating occurred during the rather brief period of stimulation. 
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SUMMARY 


1. Section of the cervical sympathetic leads, after an interval of 4-1 nd to. 
spontaneous sweating in the skin area thus decentralized. 


2. Stimulation of the sympathetic does not cause sweating, but mather 
inhibits it, e.g. it inhibits adrenaline sweating. The experiments support the 


view that sweating in the horse i is normally a response to a humoral a 
viz. adrenaline. 
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_THE EFFECTS OF PRESYNAPTIC POLARIZATION ON THE 
SPONTANEOUS ACTIVITY AT THE MAMMALIAN 
NEUROMUSCULAR JUNCTION 


By A. W. LILEY 


From the Department of Physiology, 
Australian National University, Canberra, Australia 


(Received 26 June 1956) 


Recent investigations (Boyd & Martin, 19565; Liley, 19565) have shown that 
the mammalian end-plate potential (e.p.p.) is generated by the synchronous 
release of quanta of transmitter whose individual spontaneous liberation gives 
rise to the miniature potentials. These observations immediately raise the 
question of the mechanism by which a co-ordinated discharge of the quanta is 
produced by an impulse arriving at the motor nerve terminals. Del Castillo & 
Katz (19546) have investigated a similar problem at the frog myoneural 
junction. | 

In the present investigation a study has been made by intracellular recordings 
in the rat diaphragm of the relation between the frequency of the miniature 
discharge and electrotonic polarization of the motor nerve terminals. A study 
has been made also of the effects of potassium concentration on the frequency 
of the miniature potentials. 


METHODS 


The technique of intracellular recording and details of the preparation, solutions and apparatus 
employed have been described in a previous paper (Liley, 1956a). For experiments involving 
polarization of the motor nerve terminals the dissection and mounting of the preparation were 
modified as follows, The terminal portion of the left phrenic nerve and its posterior branch were 
dissected free from adherent tissue (pericardium and pericardial fat). The anterior branch of the 
nerve was cut close to its origin. The hemi-diaphragm was now divided by a cut parallel to the 
fibres and immediately anterior to the point of entry of the posterior nerve branch. In a suitable 
dissection the muscle fibres on the cut edge of the preparation obtained their nerve supply 
immediately from the entering posterior nerve branch. However, the origin of the nerve supply 
of the central fibres of the hemi-diaphragm was very variable. In about 50% of preparations a 
recurrent twig from the (cut) anterior branch not only supplied the central muscle fibres but also 
frequently encroached considerably on the territory of the posterior branch. Such preparations 
were discarded as also were preparations in which the nerve twigs ran some distance radially 
before innervating the muscle fibres. 
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Suitable preparations were mounted as shown in Fig. 1, the bordering fibres being placed as 
close as possible to the Perspex partition. This partition was 1-5 mm thick and beneath it, through 
a notch sealed with soft paraffin, the posterior branch of the phrenic nerve was led. With non- 
polarizable electrodes arranged as shown to pass direct current, the lines of current flow converge 
at this notch. For a given current the polarization produced at a given nerve terminal is a 
function of the space constant of the nerve fibres, the proximity of the terminal to the notch 
(normally less than 200 1) and the relative volume of tissue, including other nerve fibres, passing 
through the notch. A disadvantage of this arrangement was that a considerable potential 
difference was produced by current flow in the bath solution. Where necessary this potential was 
compensated either by adjusting the operating condition of the input cathode follower to bring 
its output back to the original voltage level, or else by applying a compensating potential to the 
other input of the differential amplifier. 


AAAAAAAAA 


Fig. 1. Arrangement of polarizing (P) and recording (R) electrodes. Not to scale. Heavy lines 
indicate Perspex. Microelectrode (M) shown penetrating a muscle fibre (F). PB indicates 
posterior branch of phrenic nerve (PN) of which anterior branch (AB) has been cut. 


Normally the polarizing current was applied by manual operation of a potentiometer. A 
monitoring resistor was placed in series with the nerve and the p.d. developed across it was read 
on a d.c. voltmeter. For brief rectangular pulses the potentiometer was present and the pulses 
were applied by the action of a Carpenter relay which was driven from the sweep potential via a 
Schmitt trigger circuit. By manual operation the polarizing current could be gradually increased 
over several seconds, so utilizing the accommodation process to prevent the intense repetitive 
discharge which would have been produced by the sudden onset of such a current. 

Special problems were encountered in attempting to determine the mean frequency of the 
miniature discharge when frequencies were very high or very low. For an accurate determination 
of the low discharge frequencies that occurred with hyperpolarization of the terminals, it was 
necessary to extend observations over many minutes at each setting of the polarizing current. 
Beside expending photographic film, such long periods of recording greatly increased the risk of 
encountering either progressive change or transitory disturbances of the discharge frequency due 
to extraneous factors. Progressive effects could be detected by checking the value of the resting 
frequency at intervals during a series. More serious problems were encountered with very high 
discharge frequencies. Minimal base-line ‘noise’ was essential. Further it was necessary to 
localize the junction precisely so that potentials would be recorded with maximum amplitude and 
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briefest time-course. Anticholinesterases were undesirable since they involved a prolongation of 
time-course and an increased liability to the generation of action potentials. Under favourable 
conditions and with a very high sweep velocity, frequencies as high as 600—700/sec were readily 
determined, but above this level there was an increasing uncertainty in the recognition of individual 
potentials and counts were very likely to underestimate the true values. The effective frequencies 
during very brief intervals after a rectangular pulse were determined by photographing several 
thousand pulses and counting the number of discharges occurring within the corresponding in- 
tervals on each sweep. In all records interspersed large miniature potentials were assumed to 
result from the fortuitous coincident discharge of quanta and hence the quantal content of such 
potentials was estimated for the frequency count. Such a procedure ignores the tendency of the 
mammalian miniature discharges to ‘couple’ or ‘snowball’, thereby producing a greater number 
of coincident discharges than would be expected by stochastic theory (Liley, 1956). 

In the appropriate experiments any alteration in potassium concentration was accompanied by 
an iso-molar change (of opposite sign) in sodium concentration. In such experiments the following 
technique was adopted. The frequency of the miniature discharge was recorded at some twenty 
junctions in the normal solution. The altered solution was now introduced and the preparation 
allowed 15-20 min for equilibration, after which the discharge frequencies at another twenty 
junctions were determined. Finally the preparation was re-immersed in normal solution and 
after 15-20 min the discharge frequency in a further twenty fibres was determined. Simultaneously 
with the recordings of the miniature potentials, at each junction, the muscle resting membrane 
potential was noted, and an experiment was discarded unless the initial and final mean values of 
both discharge frequency and muscle membrane potential agreed satisfactorily. 

According to Creese (1955) a rat diaphragm oxygenated by the method employed in the present 
experiments is far removed from an ionic steady state. Unfortunately Creese’s technique for 
optimal oxygenation, involving the direction of a fine jet of gas on to the under surface of the pre- 
paration, is quite incompatible with intracellular recording. It is therefore of interest that, by the 
present method of oxygenation, it was possible for several hours to obtain good agreement with 
control values of mean muscle membrane potential and mean frequency of the miniature discharge. 


RESULTS 
Effect of electrotonic polarization of motor terminals on 
miniature discharge frequency 

Cathodic polarization of the terminals produced an increase and anodic 
polarization a decrease in the frequency of the miniature discharge (Fig. 2). 
These effects were graded according to the intensity of the polarizing current 
and at a given junction were readily reproducible. The mean amplitude 
of the miniature potentials was unaffected by the polarization of the 
terminals. 

No change in miniature discharge activity could be detected at junctions 
whose axons were severed close to the terminals nor could any effect be obtained 
at junctions situated more than a few millimetres from the sealed notch trans- 
mitting the nerve. These observations establish that the changes in frequency 
were dependent on electrotonic polarization of the nerve terminals and that 
the current flow in the bath solution played no part in their causation. 

Experiments involving the application of rectangular current pulses to the 
terminals showed that the alteration in discharge frequency developed very 
rapidly (Fig. 3). By 2 msec after the onset of the polarizing current the 
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frequency had attained a value from which no statistically significant deviation 
occurred by 16, 50 or 150 msec. With more prolonged applications of current 
the discharge was stable at its new frequency over the observed range from 
1 sec to 5 min, Thus when the membrane potential of the nerve terminals is 
altered, the frequency of the miniature potentials faithfully parallels the 
potential, there being no appreciable delay at the onset nor decline during a 


prolonged change. 


Fig. 2. Electrotonic effects on the miniature discharge frequency. N, initial and check recordings 
of resting discharge; A, anodic and (, cathodic polarization of nerve terminals. The numbers 
give current intensity in relative units. 


Unfortunately, events within the initial 2 msec after the onset of the current 
were obscured by artifacts. With electrotonic polarization of the terminals it 
would not be expected that the frequency would attain its final value in- 
stantaneously with the onset of current. Although the generating circuit 
delivered a rectangular pulse, the wave-front of a pulse as it affected a nerve 
terminal would be distorted in a manner determined by the time and length 
constants of the axonal membrane. No reliable estimates of these constants 
in mammalian axon are available. The distortion may be minimized by 
selecting a junction as close as possible to the orifice admitting the nerve, but 
unless the time constant of the axon lies in the range 0-6—1-1 msec, it cannot be 
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concluded that the discharge frequency instantaneously follows the mens 
membrane potential. 

The frequency of the miniature discharge was not linearly related to the 
current intensity (Fig. 2). However, in eleven out of thirteen experiments on 
normal junctions, when the logarithms of the frequencies were plotted against 
the respective current intensities, a relation was obtained which, statistically, 
was strongly suggestive of linearity (Fig. 4A). 
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Fig. 3. Cathodic polarization of nerve terminals. Effect on miniature discharge frequency of a 
rectangular pulse. Onset of pulse and origin of time scale marked by an arrow. Ordinate: 


effective discharge frequency (see Methods) as a percentage of mean resting frequency 
(1-53/sec). Horizontal broken lines show mean resting frequency and mean frequency during 
pulse. Hatched area represents record obscured by artifact. 


In the deviating series the depression of discharge frequency with anodic 
polarization was less than expected, the larger deviation being illustrated in 
Fig. 4B. In each experiment redetermination of the resting frequency showed 
that no progressive change had occurred. At these very low frequencies, even 
when series are recorded over several minutes, there may be considerable 
error in the determination of the frequency, and further, any errors may be 
magnified in a logarithmic plot, but it is not to be expected that all the deter- 
minations would be overestimates of the true values. The significance of these 
two experiments is difficult to assess. The records showed no bursts of high- 
frequency activity, and the effect does not remotely resemble the triggered 
‘breakdown’ discharge encountered with strong hyperpolarization of frog 
herve terminals (del Castillo & Katz, 19545). 
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In calcivum-deficient or magnesium-enriched solutions the effects of both 
depolarizing and hyperpolarizing currents on the miniature discharge were 
markedly reduced. Thus with a calcium concentration of 0-25 mm (normal 
2mm) or @ magnesium concentration of 12mm (normal | mm) polarizing 
currents of either sign were virtually unable to displace the discharge frequency 
from its resting value (Fig. 4B). However, in two experiments with 12 mm 
magnesium, intense depolarizing currents were able to produce a small increase 
in the frequency. When the effects of polarization had been suppressed by 
12 mm magnesium, almost complete restoration was obtained by raising the 
calcium concentration to 8 mM. 
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Fig. 4. Electrotonic effects on miniature discharge frequency. Note logarithmic ordinate scales. 
Abscissae ; polarizing current intensity in relative units. A: muscle in normal solution showing 
linear relation between log discharge frequency and polarizing current intensity (product 


covariance of z and y 
moment correlation coefficient, (- Ul svar ) -0-99). B: experiment showing 


deviation from this empirical relationship, see text. ©, muscle in normal solution; @, 12:5 mm 
‘magnesium. 


An investigation was made of the ability of polarizing currents to modify 
the miniature frequency when this had been artificially displaced from its 
resting value. At three junctions an increase in the discharge frequency to 
the order of 100/sec was produced by small (3-8,) lateral movements of the 
microelectrode. Although the frequency was not very stable following this 
procedure, in each case it was readily influenced by both anodic and cathodic 
polarization (Fig. 5A) following the same empirical linear relation between 
current intensity and logarithm of discharge frequency. Similarly, when the 
discharge frequency was increased from 2/sec to 43/sec by the application of 
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_}5 m™ potassium chloride (q.v.), it was still affected in the same manner by 


polarizing currents (Fig. 5B). 
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Fig. 5. Electrotonic effects on miniature discharge frequency. Conventions of scales as in Fig. 4. 
A: muscle in normal solution but initially discharge frequency was increased from resting 
rate of 1-6 to 100/ sec by trauma to nerve terminals. B: muscle in solution with potassium 
concentration of 15 mm. Discharge frequency in normal solution was 2/sec. 


Effect of potassium concentration on the miniature potentials 

Alteration in potassium concentration affected both the amplitude and 
frequency of the miniature discharge. Reduction in potassium concentration 
below the normal level of 5 mm produced no significant change in the amplitude 
of the discharge, but increasing the concentration to 30 mm reduced the 
amplitude to approximately one-third. This effect would appear to be post- 
synaptic in origin, and to result from the fall in muscle membrane potential 
which is observed in high potassium concentrations. It may be assumed that 
the action of acetylcholine on the mammalian post-synaptic membrane is 
similar to that demonstrated in the frog (Fatt & Katz, 1951); hence it would 
be expected that the amplitude of the miniature potentials would vary with 
the level of the muscle membrane potential. 

Much more striking was the effect of potassium on the frequency of the 
Miniature potentials (Fig. 6, open circles). Reduction of the potassium 
concentration from 5 to 2mm produced a small but statistically significant 
reduction in the discharge frequency. On the other hand, the frequency was 
more than doubled when the concentration was increased from 5 to 10 mM. 
At 30 mm the frequency was of the order of 700/sec. There was a further 
increase at higher concentrations, but an accurate count was no longer 
possible. Over the range of 10-30 mm the mean frequency appeared to vary 
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linearly with potassium concentration. When any single junction was followed 
after a change in the potassium concentration, it was observed that some 
1-4 min had elapsed before the alteration in discharge frequency was fully 
developed. Thereafter the discharge rate was stable for at least 20 min even 
when it was above 500/sec. 
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Fig. 6. Effect of potassium concentration on miniature discharge frequency. Normal potassium 
concentration was 5mm. Note that both scales are logarithmic. Circles represent mean 
frequency at approximately twenty junctions with bars placed at +2 s.. of mean. O, 
muscles in solution with normal magnesium (1 mM) and calcium (2 mm). For the five points 
beyond 10 mm potassium (r=0-98) the regression line for log frequency on log potassium 
concentration has been drawn. @, muscles in solutions containing 12-5 mm magnesium, 
normal calcium. 


The effects of potassium on the discharge frequency were modified con- 
siderably by high concentrations of magnesium. As had been observed 
previously, magnesium was without effect on the frequency at junctions in 
solutions of normal potassium content (Boyd & Martin, 19564; Liley, 19565; 
see also del Castillo & Katz, 1954a). However, in the presence of 12-5 mm 
magnesium, reduction in potassium concentration exerted no significant effect 
on the discharge frequency (Fig. 6, filled circles), while the influence of raised 
concentrations of potassium was markedly. depressed. Thus 30 mm potassium 
in the presence of (normal) 1 mm magnesium increased the mean frequency to 
715/sec, whereas in 12-5 mm magnesium the increase was limited to 74/sec. 
Nevertheless, as seen in Fig. 6, in high concentrations of magnesium there was 
_ still a linear relation between the discharge frequencies and potassium con- 
centrations greater than 10 mm. 
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DISCUSSION 


The present results show that the effects of presynaptic polarization on the 
miniature discharge are not the same in mammals and amphibia (del Castillo & 
Katz, 19546). Although depolarizing currents produced comparable effects, 
moderate hyperpolarization was without influence on the discharge in the 
frog, whereas in the rat the discharge was readily depressed well below the 
resting value in all of thirteen experiments. It might possibly be argued that 
the motor nerve terminals of the isolated rat diaphragm are already depolarized 
in their abnormal environment and that hyperpolarizing currents are merely 
restoring the membrane potential and hence reducing the discharge frequency 
toward a true basal level. This is unlikely, however, for experiments on the 
gracilis muscle in vivo (Liley, 1956a) indicated that the mean frequency of the 
miniature discharge was of the same order as that observed in the isolated 
diaphragm. Furthermore, an increase in magnesium (or a reduction in calcium) 
concentration offsets the increase in frequency produced by depolarizing 
currents, but is without effect on the resting discharge frequency in the 
isolated diaphragm. 

The sudden bursts of high-frequency activity observed in the frog with 
strong anodic polarization (dei Castillo & Katz, 19545) were not encountered 
in the rat diaphragm despite the fact that, as judged by cathodic effects, 
comparable current intensities across the terminal membrane were obtained in 
the two investigations (compare fig. 5 of del Castillo & Katz, 19545, with Fig. 4 
of the present paper). If this phenomenon in the frog results, as suggested, 
from an event resembling a dielectric breakdown, the absence of any com- 
parable effect in the rat indicates that the mammalian membrane is more 
resistant to electrical stress. 


The effects of polarizing currents suggest that the discharge frequency 


| should be influenced when the membrane potential is altered by variations in 


extracellular potassium concentration. Unfortunately the membrane potential 
of the motor nerve terminals cannot be directly measured. Further, the 
membrane potential will not be linearly related to the logarithm of potassium 
concentration as predicted by the Nernst equation. Rather, as shown by 
Hodgkin & Katz (1949), an equation derived from the constant field theory of 
Goldmann would apply. This equation predicts that a low concentration of 
potassium will exert little influence on the membrane potential, the effect of 
other ions being dominant, but as the concentration of potassium is pro- 
gressively raised above normal, the membrane potential will more nearly be 
related linearly to the logarithm of the potassium concentration as predicted 
by the Nernst equation. 

Observations with polarizing currents at junctions covering a wide range of 
resting frequencies have indicated a linear relationship between the logarithm 
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of the discharge frequency and the polarization of the motor nerve terminals 
(Fig. 4). Therefore it may be predicted that, as the potassium concentration is 
increased, a value will be reached beyond which the logarithm of the discharge 
frequency will be related linearly to the logarithm of potassium concentration. 
Alternatively, dispensing with logarithms, the frequency would be expected 
to vary directly with the potassium concentration. The experiments illustrated 
in Fig. 6 show that this prediction was fulfilled for potassium concentrations 
beyond 10mm. Unfortunately, investigations could not be carried beyond 
30 mm since the discharges became too frequent for an accurate count. How- 
ever, accepting the risks inherent in extrapolation, the straight line in Fig. 6 
indicates that, beyond a concentration of 10 mu, a tenfold increase in potassium 
concentration augments the discharge frequency by a factor of 10+. 

If it be assumed that beyond 10 mm the potassium concentration determines 
the membrane potential of the motor nerve terminals in the manner predicted 
by the Nernst equation, it follows that the miniature discharge frequency is 
increased by a factor of 10* for a decrease in the membrane potential of 
approximately 60 mV. Hence from the logarithmic relationship between 
discharge frequency and displacement of the membrane potential (Figs. 4A, 
5A, B) the discharge frequency corresponding to any change of the membrane 
potential may be predicted. Similarly, it may be calculated that, for a muscle 
in 12-5 mm magnesium the discharge frequency would be altered by a factor 
of 10*° for a change in the membrane potential of approximately 60 mV. 

Since the mammalian end-plate potential consists of summated miniature 
potentials (Boyd & Martin, 19565; Liley, 19565) it is reasonable to interpret 
the increase in miniature discharge frequency associated with depolarization 
as a prolonged and attenuated version of the events occurring when the nerve 
terminals are briefly and intensely depolarized by an action potential. This 
interpretation is supported by the observation that neuromuscular transmission 
and the effects of depolarizing current are both depressed by increase in 
magnesium concentration, an action which in turn is antagonized by calcium. 
Several predictions capable of simple experimental test can be immediately 
derived from this hypothesis that the e.p.p. or liberation of quanta by an 
impulse is simply the random release of quanta accelerated by depolarization 
of the terminal membrane. 

First, on the tacit assumption that the action potential is of the same 
amplitude in all the motor nerve terminals, the quantal content of the e.p.p. 
should be proportional to the resting discharge frequency. This relationship 
should apply not only for normal neuromuscular transmission but also for 
conditions where the effect of an impulse has been attenuated by an excess of 
magnesium and/or a deficiency of calcium ions. In the latter case, where the 
quantal content of the responses is small and easily measurable, the predicted 
relationship may be readily tested. : 
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Fig. 7 illustrates the results obtained when twenty-three junctions in one 
preparation were investigated. The points in this graph show a considerable 
scatter. Indeed, previous observations on a smaller number of junctions 
prompted the statement that the quantal content of a response and the 
miniature discharge frequency were not directly related—although both were 
increased following indirect stimulation (Liley, 19566). However, as shown by 
a larger series of observations in Fig. 7, the quantal content of a response and 
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Fig. 7. Relation between quantal content of response and resting frequency of miniature discharge 
at twenty-three junctions. Full line is regression line for quantal content on frequency with 
broken lines at +2 s.x. of estimate. 


the resting discharge frequency show a positive correlation which, statistically, 
is highly significant (r=0-76, Student’s t=5-36, f=21). Boyd & Martin 
(19566), on the contrary, observed no consistent relationship between the 
miniature potential frequency and the e.p.p. quantal content in the cat 
tenuissimus muscle. 

A second prediction concerns the derivation of the absolute quantal content 
of a response, or, essentially, the calibration of an action potential in terms of 
the number of quanta which it should liberate under defined conditions. This 
calibration is made possible by the relationship (deduced from Fig. 6) between 
discharge frequency and displacement of membrane potential (Fig. 8, inset). 
Now the action potential of a motor nerve terminal cannot be fully and 
directly recorded, but as an approximation the action potential of amammalian 
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(cat) motor axon may be investigated (Fig. 8, R). If such an action potential, 
corrected for distortion in recording (Fig. 8, C), is divided into a series of very 
brief (0-02 msec) steps, the miniature discharge frequency corresponding to 
each potential step may be determined, and hence the theoretical quantal 
content of a response may be estimated. Implicit in this procedure are two 
assumptions—first, that the discharge frequency follows faithfully and in- 
stantaneously any change in membrane potential, and secondly that there is 
no serious depletion of available quanta during an impulse even though the 
discharge frequency attains very high values. The former assumption would 


1 


0-5 
msec 


Fig. 8. Derivation of quantal content of an e.p.p. Curve R: intracellularly recorded action 
potential of an intramedullary motor axon of a cat (Eccles, unpublished observations). 
Curve C: same action potential corrected for distortion by recording system. Bars indicate 
0-02 msec intervals for which the expected frequency of the miniature discharge was cal- 
culated, see text. 

Inset: theoretical relationship between discharge frequency and displacement of membrane 
potential (from Fig. 6) used in calculation. Strictly, the ordinate scale as labelled represents 
the frequency which would be attained by a terminal with a resting discharge rate of 1/sec 
when the membrane was depolarized by an amount shown in the abscissal scale. In general, 
the ordinate scale represents the factor by which the frequency would be altered for a given 
displacement of membrane potential, depolarization raising the frequency and hyperpolariza- 
tion reducing it. Full line: relation in normal solution. Broken line: relation in solution 
containing 12-5 mm magnesium. 


appear reasonable, for as shown in Fig. 3, the discharge frequency adapts very 
rapidly to electrotonic polarization of the terminals. On the other hand, the 
latter assumption is open to question for immediately after an impulse in 
normal solutions there appears to be a considerable depletion of the available 
transmitter (Liley & North, 1953). However, ignoring this possible restriction, 
it is possible to compute the number and temporal distribution of the quanta 
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which would be liberated by an action potential, of the amplitude and time- 
course shown in Fig. 8, from a nerve terminal having a resting discharge 
frequency in the modal range of 1-2/sec. This liberation would comprise 250 
to 500 quanta and would be produced almost entirely by that portion of the 
action potential exceeding 60 mV. Hence it would be spread over some 
0-3 msec. 

The quantal content of the e.p.p. in normal solutions cannot be measured 
precisely. However, on indirect evidence it was concluded that the normal 
e.p.p. resulted from the summation of at least some 80-100 miniature potentials 
and possibly more (Liley, 19565). Hence the derived figure of 250-500 appears 
to be of the correct order. Further it is in very good agreement with figures 
of 220 and 310 which Boyd & Martin (19565) deduced for the quantal content 
of two e.p.p.’s in the cat tenuissimus muscle. 

A more precise check is possible when the calculation is repeated for the 
same action potential but using the discharge frequency-membrane potential 
relationship derived in the presence of 12-5 mm magnesium. In such a solution 
the quantal content of responses can be determined accurately. Furthermore, 
depletion of available quanta is no longer a theoretical hazard compromising 
the calculation. For a solution containing 12-5 mm magnesium the predicted 
quantal content of a response is 1-2 for a junction with a resting discharge 
frequency of 1/sec. Measurements on nine junctions gave a mean discharge 
frequency of 2-7/sec and therefore a theoretical mean quantal content of the 
response of 3-24. The observed mean value was 3-4. This very close agreement 
of predicted and observed values is probably fortuitous, for it is not reasonable 
to assume that the action potentials of rat motor nerve terminals and cat 
motor axons are identical. Nevertheless, the agreement of order supports the 
hypothesis that the e.p.p. is merely the random miniature discharge accelerated 
by the changes in membrane potential which constitute the propagated 
impulse. 

The derivation of the quantal content of a response automatically leads to a 
prediction of the time-course of release of the quanta or, essentially, the 
frequency distribution of stimulus-response intervals for the quanta in a large 


‘series of responses, provided it be assumed that the quanta all take the same 


time to diffuse from the liberating terminal membrane to the responsive 
muscle junctional membrane. Fig. 9A shows this theoretical distribution for 
the quanta involved in a large series of responses at a junction in 12-5 mm 
magnesium. Fig. 9B, C illustrates the distributions of stimulus-response 
intervals observed at two junctions in such a solution. These junctions both 
had responses of low quantal content, the majority of stimuli being followed 
by a failure of response or the discharge of a single quantum. However, since 
& number of responses in each series (about 15% in Fig. 9B and 25% in 
Fig. 9C) involved two or three quanta and in such responses only the latency 
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of the earliest quantum could be measured, the distribution of Fig. 9B and (C 
will be skewed in favour of the briefer latencies. No accurate correction for 
this distortion can be applied. Nevertheless, although the test lacks precision, 
the predicted and observed distributions agree reasonably both in form and 
range. 


0 OF 0-3 
Fig. 9. A: theoretical frequency distribution of stimulus-response intervals for the quanta 
involved in a large series of responses in 12-5 mm magnesium. B and C: observed distribu- 
tions of latencies of responses at two junctions in 12-5 mm magnesium. 766 responses in B, 
895 in C: see text. Ordinate: percentage of total number of latencies falling in a given class 
interval. (Note class interval for A is 0-02 msec and for B and C, 0-04 msec.) Common 


abscissal scale has an arbitrary origin corresponding to briefest latency. Mean stimulus- 
response interval in B was 1-8 msec and in C 1-2 msec. 


Thus the evidence so far adduced suggests that, in so far as it affects the 
release of transmitter, an impulse does not differ from a depolarization of 
the terminal membrane produced electrotonically or by excess potassium. It 
is not necessary to postulate any ‘triggering’ or threshold effect or to associate 
chemically the release of acetylcholine with the activity of a special transport 
mechanism such as the sodium or potassium carriers. 

The observation that, in the mammal, the miniature discharge frequency 
may be reduced by hyperpolarization and increased by depolarization of the 


2-88 


7 20 A 
15 
% 
10 
5 5 
0 
B 
% 20 
0 
60 
40 
Cc 
% 
20 


d 


POLARIZATION OF MOTOR NERVE TERMINALS 441 


terminal membrane suggests initially that the quanta might be positively 
charged particles whose passage across the nerve membrane is determined 
simply by potential gradients. According to this concept the resting discharge 
frequency is merely the release rate corresponding to one particular membrane 
potential—the resting membrane potential—in a continuum. However, this 
simple model cannot readily explain the influence of calcium and magnesium 
concentrations on the release of quanta. If the presence of calcium ions was 
essential for the liberation of quanta, variation in calcium and magnesium 
concentrations should affect the resting discharge frequency. In the cat 
tenuissimus muscle the resting discharge frequency varied with calcium but 
was uninfluenced by magnesium concentration (Boyd & Martin, 1956a), 


TaBLE 1. Effect of calcium on resting discharge frequency in one preparation. Mean values 
+8.D. and range of frequencies in groups of junctions, the number of junctions in each group 
being indicated in parentheses. Groups were recorded in the order shown in the table, the 
preparation being allowed 2 hr to equilibrate with each solution. Magnesium 1 mM (normal) 
throughout 


2 ma-Ca (normal) Zero Ca 2 mu-Ca 
Mean frequency a 0-72 +40-28 (20 0-61+40-39 (23 0-78 + 0-47 (1 
Range (sec) 0-3-1-4 0-2-1-7 0-2-1-8 


despite the fact that magnesium antagonized the effect of calcium on neuro- 
muscular transmission (Boyd & Martin, 19565). On the contrary in the rat 
diaphragm, as in the frog (Fatt & Katz, 1952; del Castillo & Katz, 1954), 
neither absolute reduction in calcium concentration, even te zero (Table 1), 
nor the addition of magnesium has any marked effect on the resting discharge 


. frequency, but this frequency appears to be stabilized so that it cannot be 


displaced from its resting level by hyperpolarization or depolarization of the 
terminal membrane. 

No explanation can be offered for this stabilization of the discharge fre- 
quency in calcium-deficient and/or magnesium-enriched solutions. Further 
experiments are also necessary to determine the mechanism by which the 
membrane potential affects the miniature discharge frequency. 

Several workers (Brown & Feldberg, 1936; Feldberg & Guimarais, 1936; 
Hutter & Kostial, 1955) have demonstrated that potassium may initiate 
release, or augment the spontaneous release, of acetylcholine from cholinergic 
terminals in the mammalian autonomic nervous system. Although the 
spontaneous quantal release of transmitter has not been demonstrated at these 
cholinergic junctions, the effect of potassium would appear analogous to the 
action observed at the mammalian motor nerve terminals. 
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SUMMARY 


1. By intracellular recording at the rat neuromuscular junction a study has 
been made of the effects of presynaptic polarization on the discharge of quanta 
of transmitter. 

2. Electrotonic hyperpolarization of the motor nerve terminals reduced the 
frequency of the miniature discharge and depolarization augmented the 
discharge frequency. 

3. A linear relation was demonstrated between the logarithm of the dis- 
charge frequency and electrotonic displacement of the terminal membrane 
potential. 

4. When the calcium concentration was reduced or the magnesium con- 
centration increased the effect of electrotonic polarization of the terminals on 
the discharge frequency was suppressed. 

5. Reduction of potassium concentration produced a slight reduction and 
increase of potassium concentration a marked increase in the discharge 
frequency. 

6. The effect of potassium concentration on the discharge frequency was 
greatly reduced in high concentrations of magnesium. 

7. In so far as it affects the release of transmitter an impulse does not 
appear to differ from a depolarization of the terminal membrane produced 
electrotonically or by excess potassium. 


The author wishes to acknowledge the encouragement and criticism of Professor J. C. Eccles 
during the course of this investigation. 
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EVIDENCE FROM VENOUS OXYGEN SATURATION 

MEASUREMENTS THAT THE INCREASE IN FORE- 

ARM BLOOD FLOW DURING BODY HEATING IS 
CONFINED TO THE SKIN 


By I. C. RODDIE, J. T. SHEPHERD ann R. F. WHELAN 
From the Department of Physiology, The Queen’s University of Belfast 
(Received 29 June 1956) 


Barcroft, Bonnar & Edholm (1947) demonstrated that body heating caused a 
reflex dilatation of the vessels of the forearm, and they concluded that the 
dilatation was for the most part deep to skin, most probably in the skeletal 
muscles. Recent and independent experiments by these authors, however, sug- 
gest that the dilatation is confined to the skin. Barcroft, Bock, Hensel & 
Kitchin (1955) found that the muscle blood flow during body heating, as 
gauged by a thermo-electric needle, remained unchanged or was decreased, and 
Edholm, Fox & Macpherson (1956) found that the increase in forearm flow 
could be prevented by the iontophoresis of adrenaline into the forearm skin. 
These observations are in keeping with the finding that the rate of clearance 
of “Na from the muscle is not increased during body heating (McGirr, 1952). 

Assuming that the arterial oxygen content and the metabolism of a tissue or 
organ remains constant, changes in the oxygen content of the venous blood will 
indicate changes in blood flow. We have applied this principle to the forearm 
in an attempt to study simultaneously changes in skin and muscle blood flow, 
and evidence is presented which confirms that the forearm dilatation during 
body heating is confined to the skin vessels. 


METHODS 


The subjects were healthy men aged 18-30 years. The room temperature was 17-19° C and the 
subjects were lightly clad in order to keep them cool. This ensured that their vascular tone was 
high during the initial part of the experiment. Two nylon catheters were inserted centrifugally via 
thin-walled needles into veins of one forearm; one was introduced into a superficial vein and the 
other into a deep vein in the antecubital fossa. For the deep vein catheterization the technique out- 
lined by Mottram (1955) was used, except that after withdrawal of samples the dead space of the 
catheter was filled with saline containing heparin to prevent clotting, instead of using a continuous 
infusion of saline. Except for brief periods the circulation was arrested at the wrist by a pneumatic 
cuff inflated to a pressure of 220 mm Hg. The percentage oxygen saturation of 1 ml. blood samples 


3 


tefe forearm blood flow (mi./ 100 mi./min) 


BODY HEATING AND FOREARM VENOUS OXYGEN 445 


was determined immediately after withdrawal by a spectrophotometric technique (Roddie, Shep- 
herd & Whelan, 19562). The rapidity with which the samples were analysed enabled the course of 
the experiment to be adjusted in the light of the blood changes. In most of the experiments the 
blood flow through teopponite forearm was measured by venous occlusion plethysmography, using 
the stirred, temperat d plethysmograph described by Greenfield (1954). Body (in- 
direct) heating was carried out by immersing the feet and calves in a water-bath at 43-45° C and 
wrapping the subject in blankets (Lewis & Pickering, 1931; Gibbon & Landis, 1932). 


o 
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Left forearm blood flow (mi./ 100 mi./min) 
Lal 
Left forearm blood flow (mi./100 mi./min) 


Minutes 
Fig. 1 Fig. 2 
Fig. 1. The effect of body heating on the oxygen saturation of deep and superficial venous blood 


and forearm blood flow. The black rectangle represents the period of body heating. O, left 
forearm blood flow; @, oxygen saturation of superficial venous blood (right forearm); @, 
oxygen saturation of deep venous blood (right forearm). 


Fig. 2. The effect of body heating and of change of posture on the oxygen saturation of deep and 
superficial forearm venous blood. Conventions as in Fig. 1. The intervals between the dotted 


lines represent the periods during which the subject's legs were passively raised. 


RESULTS 


Eight experiments were carried out, each on a different subject. The results of 
a typical experiment are shown in Fig. 1. Initially the oxygen saturation of the 
superficial venous blood was about 40% and that of the deep blood 38%. 
During body heating the saturation of the superficial blood rose rapidly, reach- 
ing 95°, in 35 min, while that from the deep vein showed no tendency to in- 
crease and remained between 40 and 50% throughout. The blood flow through 
the opposite forearm increased from 1-7 to 11 ml./100 ml./min. A similar 
experiment is shown in Fig. 2, but in addition to the heating the legs were 
passively elevated before and at the end of body heating to produce a reflex 
dilatation in the deep forearm vessels (Roddie & Shepherd, 1956). This caused 
an increase in the forearm blood flow and a rise in the oxygen saturation of the 
deep blood samples. The results of all the experiments are summarized in 
Table 1. It can be seen that in every case during heating the skin blood reached 
85-99 %, saturation without any corresponding change in the saturation of the 
deep samples. In one of these experiments the oxygen saturation of the deep 
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venous blood increased gradually from 38 to 53%, during the heating, and this 
was attributed to some of the blood from the skin veins draining into the deep 
vein catheterized. 


Taste 1. The effect of body heating on the oxygen saturation of blood from deep and 


cial forearm veins 
Oxygen saturation (%) 

Before 

Subject Vein heating 10min Wmin 30min 44min 
J.K.N, Deep 43 42 47 44 42 
Superficial 56 80 94 99 98 
J.d.C. Deep 48 40 42 55 41 
Superficial 56 81 93 99 
W. F. M. W. Deep 42 40 45 50 53 
Superficial 50 53 85 95 97 
J.Q. Deep 37 45 46 42 41 
Superficial 42 59 66 75 94 
R. A. Deep 55 49 §6 
Superficial 40 54 — 96 —_ 
D. B. 49 — 49 43 43 
Superficial 42 — 75 80 88 
J. E. B. Deep 47 = 37 49 — 
Superficial 58 69 
D. C. 45 one 45 

DISCUSSION 


In order to interpret changes in venous oxygen saturation in terms of changes 
in blood flow the assumption is made that (a) the arterial oxygen saturation, 
and (6) the local tissue metabolism remain unchanged throughout the pro- 
cedure. In order to use the method to study simultaneously changes in the flow 
through forearm skin and muscle it must be shown in addition, (c) that the 
deep and superficial veins catheterized drain mainly muscle and skin respec- 
tively, and (d) that there is no important degree of mixing between the two 
streams. 

(a) In two experiments the oxygen saturation of blood samples withdrawn 
from the brachial artery showed no significant change during body heating. 

(6) The following experiment suggests that the body heating did not alter to 
any important degree the metabolism of the forearm tissues. After infiltrating 
around the deep nerves to the forearm with local anaesthetic solution the 
oxygen saturation of the blood samples from superficial and deep forearm 
veins increased to about 65%, (Fig. 3) owing to release of vasoconstrictor tone 
(Roddie, Shepherd & Whelan, 19566). Body heating was then carried out and 
the oxygen saturation of the blood from the two sites remained virtually 
unc 

(c) Rhythmic exercise of the forearm muscles during the resting period 
before nerve block (Fig. 3) resulted in an increased saturation of the deep 
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blood with no increase in that of the superficial. This demonstrated that the 
deep vein was draining mainly muscle and that the superficial vein was draining 
mainly skin. 

(d) The evidence that there was no important degree of mixing between the 
blood in the superficial and deep forearm veins in the present experiments 
rests on the fact that the saturation of the deep blood samples remained un- 
changed during body heating while that of the superficial increased almost to 


0 20 60 80 100 
Minutes 

Fig. 3. The effect of body heating on the oxygen saturation of deep and superficial forearm venous 
blood following blocking of the nerves to the forearm with local anaesthetic. The black 
rectangle represents the period of body heating. At HZ the subject exercised the left forearm 
for 1 min. @, oxygen saturation of deep venous blood (left forearm); O, oxygen saturation of 
superficial venous blood (left forearm); o, skin temperature of pulp of the right index 
finger. 


arterial level. The possibility cannot be excluded, however, that the blood flow 
through the muscle may decrease during body heating (McGirr, 1952; Barcroft 
et al. 1955). If this occurred, the fact that the oxygen saturation of the deep 
blood did not change could be explained by contamination of the deep blood 
by the superficial to a degree sufficient to leave the oxygen saturation un- 
changed. It seems unlikely that such a fine balance could be maintained at a 
time when the skin vessels were undergoing a rapid change in calibre. It is, 
evident, however, that heating does not result in vasodilatation in the muscle. 

The numerous connexions between the superficial and the deep veins of the 
forearm indicate that mixing of the two streams is possible and the demonstra- 
tion that there was no important degree of mixing in the present circumstances 
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does not imply that it may not occur in others. Mottram (1954) demonstrated 
that during the inflation to 60 mm Hg of a pneumatic cuff around the upper 
arm the oxygen content of the blood from the deep forearm vein increased often 
by as much as 4 vol. % and in some experiments approached that of arterial 
blood. Mottram attributed this increase to an opening up of non-metabolic 
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Fig. 4. The effect on the oxygen saturation of blood from deep and superficial forearm veins of 
inflating to 60 mm Hg a pneumatic cuff on the arm before and during body heating (three 
subjects). Left, before body heating; Right, during body heating; @, oxygen saturation of 
deep venous blood; ©, oxygen saturation of superficial venous blood. The black rectangles 
represent the periods of cuff inflation. 


pathways in the muscle as a result of the application of the cuff pressure. We 
have studied this phenomenon in three subjects before and during body heating 
(Fig. 4). Before heating commenced and when the subject was cool the appli- 
cation of 60 mm Hg pressure to the cuff produced a variety of changes. If the 
oxygen saturation of the superficial blood was higher than that of the deep, the 
deep samples showed an increase in saturation and vice versa. If the venous 
occluding pressure was left on for some minutes, both the superficial and the 
deep saturations decreased. After about 30 min of body heating, when the 
superficial blood oxygen saturation approached arterial level and the deep was 
unchanged, application of the venous occluding pressure was followed by a 
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very rapid and striking increase in the saturation of the deep samples, to 
approach that of the superficial blood. These observations suggest that the 
phenomenon described by Mottram can be explained by the mixing of super- 
ficial with deep venous blood when the venous occluding pressure is applied, 
and is a consequence of the altered venous haemodynamics during application 
of such a pressure. 

Deductions regarding changes in forearm skin or muscle flow from changes 
in oxygen saturation of superficial and deep venous blood samples can only be 
made if there is shown to be no important degree of mixing of the blood in the 
two streams as a result of the procedure under study. 

It is believed that in the present experiments this condition is fulfilled. The 
finding that the oxygen saturation of blood from superficial veins rose to near 
arterial level and that from deep veins did not change demonstrates that the 
increase in forearm flow brought about by body heating can be attributed to a 
dilatation of skin vessels only. This conclusion is in keeping with the recent 
observations of other workers using different techniques. 


SUMMARY 


1. The oxygen saturation of blood samples withdrawn simultaneously from 
a superficial and a deep forearm vein has been determined before and during 
body heating in eight subjects. 

2. During 30-40 min heating the saturation of the superficial samples 
gradually increased from 40-72% up to 85-99%. There was no increase in 
the oxygen saturation of the deep samples. 

3. Evidence is presented that the superficial vein was draining mainly skin 
and the deep vein mainly muscle. The arterial oxygen saturation and the meta- 
bolism of the forearm tissues were unchanged by the heating. The changes in the 
venous oxygen saturation, therefore, reflected changes in blood flow in skin 
and muscle. | 

4. It is concluded that the increase in the blood flow through the forearm 
with body heating is entirely due to an increase in the blood flow through the 
skin. 
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Some problems of spinal cord function might be clarified if one could dis- 
tinguish the features of transmission attributable to properties of the 
motoneurone soma membrane itself from the features attributable instead 
to properties of such other structures as presynaptic terminals, dendrites or 
axons. This question can be partly answered by determining the properties of 
reaction of post-synaptic structures to directly applied stimuli. 

Stimulation through intracellular microelectrodes is particularly advan- 
tageous because it is then safe to consider that both stimulation and recording 
are strictly limited to the unit under consideration. In its application to spinal 
motoneurones this method has been recently employed by Coombs, Eccles & 
Fatt (1955a) and by Araki & Otani (1955). 

Using double-barrelled microelectrodes, Coombs et al. (1955a) have applied 
stimulating currents through one barrel and recorded the resulting potential 
changes through the second. In this way the major resistances are indepen- 
dent in stimulating and recording channels, but these are linked together by 
a considerable capacity. Using this method, motoneurone resistance was 
found to vary between 0-4 and 1 MQ. From other measurements a time 
constant of 4 msec was calculated and a capacity of 4000 pF was ascribed to 
the motoneurone membrane. Motoneurone excitation occurred when applied 
stimuli depolarized the membrane by about 10 mV. 

Araki & Otani (1955) preferred instead to apply electrical stimuli to the same 
intracellular electrode used for recording, and employed a bridge circuit for 
balancing out the potential difference developed across the microelectrode 
resistance by the stimulating current. With this method, the artifacts due to 


capacity of double-barrelled electrodes are avoided, but other difficulties are 
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introduced (see below). In motoneurones of toads, Araki & Otani (1955) 
measured membrane resistance of 3-6-4 MQ, time constants of 1-5-8 msec and 
capacities of 630-1500 pF. Rheobasic currents were 0-8-4 x 10-* A. 

The present paper describes the results obtained so far by applying a method 
similar to that used by Araki & Otani (1955) to the study of the electrical 
properties of cat motoneurones. 


METHODS 
Twenty-five cats were used for this research. Most of these were anaesthetized with pentobarbitone 
sodium and a few were decerebrated. Anaesthesia helps to stabilize the properties of penetrated 
motoneurones and to simplify the preparation. It is recognized, however, that anaesthesia 


also limits the validity of the results, as it greatly affects the properties of transmission in the 


spinal cord. 
KCl-filled micropipettes were inserted in spinal cord motoneurones and the potentials led off 
from these elements were amplified and recorded using the technique described in detail in a previous 


paper (Frank & Fuortes, 1955). In addition, currents were passsed through the same microelec- 
trode used for recording, with the purpose of stimulating penetrated elements directly. Micro- 
pipettes initially measuring 5-20 Mf in 3m-KCl were preferred to the higher resistance pipettes 
(15-50 MQ) used in previous work. With these lower resistance pipettes, penetration of axons 
occurred only rarely and the percentage of penetrated cell somata was larger than in the previous 
study (Frank & Fuortes, 1955). 

Bridge circuit. The circuit used for balancing the potential drop evoked by stimulating currents 
is shown in Fig. 1 A. Of the two variable resistances in the lower limb of the bridge only R, is 
normally changed for balancing, adjustment of R, being required only if the electrode resistance is 
less than 4-4 MQ. The two. pulse generators used for stimulation and calibration respectively 
are isolated from ground, and the cat itself (1.8.) is connected to ground only through the three 
resistances Cal., Comp., and R,. 

Compensation. The driven shield around the 44 MQ resistance and part of the microelectrode 
permits positive feed-back and is designed to improve frequency response and control of stimulus 
artifacts (see Solms, Nastuk & Alexander, 1953; Woodbury, 1953; MacNichol & Wagner, 1954). 
The low capacity pre-amplifier input switch (Sw.) permits adjustment of the current through the 
microelectrode to zero. To accomplish this, the variable resistance (Comp.) is adjusted until no 
change of output potential occurs when Sw. is moved from closed to open. 

Calibration. When the amplifier is not connected toa bridge, its high input impedance makes the 
input signal independent of electrode resistance. With the bridge shown in Fig. 1 A, the potential 
between micro- and indifferent electrodes is divided between the electrode resistance R, and the 
44 MQ) resistance 2, (other resistances being negligible in comparison). Since electrode re- 
sistance may change with current through it, with movement of the electrode (see p. 463) and 
perhaps for other reasons, biological potentials can be measured only if they are compared within 
a short time (preferably within a few msec) to a known signal. For this purpose a calibration pulse 
(Cal.) can be displayed on each sweep of the cathode-ray oscilloscope (CRO). Comparison of the 
recorded calibration pulse with Sw. open or closed permits measurement of electrode resistance, 
as described in a previous article (Frank & Fuortes, 1955). 

Current measurement. When R, is adjusted for bridge balance, current in the microelectrode can 
be measured by the potential drop across R, which is then equal to the potential drop across R,. 
Measurement of microelectrode current from the potential drop across R, permits use of a com- 
mercially available single-ended amplifier but is in error if the bridge is unbalanced. 

Towards the end of this research two high-impedance single-ended pre-amplifiers, similar to that 
described by MacNichol & Wagner (1954), have been used to measure microelectrode current more 
directly (Fig. 1B). Amplifier V records the microelectrode potential and amplifier J the current 
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through it by the potential drop across the 5 MQ resistor R,. The gains of the pre-amplifiers 
V and J are adjusted to be equal and are connected as shown to two Tektronix Type 112 final 
amplifiers. Amplifier V is used single ended and amplifier J with push-pull input connexion. 
Considerable care is necessary in arranging the driven shields of the two pre-amplifiers to prevent 
loss of frequency response and good transient control for applied pulses. With this caution the 
method proved more satisfactory than the first method described since the current was correctly 
indicated even in the presence of bridge unbalance. 


Fig. 1. A: diagram of arrangement used for stimulating and recording. The values of the resistors 
used are as follows: R,, 1 kO; R,, 10kN; R,, 44 MQ. Electrode resistance 2, usually was 
between 10 and 100 MOQ when measured in the spinal cord. The resistor of the calibrator (Cal.) 
and the variable resistor of the compensator (Comp.) are 100 0 each. The fixed resistor of the 
compensator has a value of 300 (Q and the battery supplies 1-5 V. Stimulating and calibrating 
pulses are applied through radio-frequency stimulus isolation units. The indifferent electrode, 
1.8., is a silver-silver chloride wire and is usually placed in the cat’s mouth. The switch, Sw., is 
used for d.c. compensation and for measurement of R, , as described in the text. Stimulating 
current is measured by the voltage drop across R,, which is equal to the drop across R, when 
the bridge is balanced. B: alternative method for measuring current. R, and R, (as well as 
other components not illustrated) are the same as in 1A. R, has a value of 5 MQ, and two 
pre-amplifiers of equal gain are used for differential recording of the voltage drop across R,. 


RESULTS 
Rheobasic current intensity 

In agreement with Coombs et al. (1955a) and with Araki & Otani (1955), it was 
found that if strong enough currents can be made to flow through the impaling 
microelectrode in a direction adequate to depolarize the motoneurone mem- 
brane (microelectrode positive), excitation of the penetrated unit occurs 
(Fig. 2A). Depolarizing currents insufficient to excite facilitate the action of 
orthodromic stimuli (Fig. 2B, C), as well as antidromic invasion of moto- 
neurones (Fig. 3). 

Rheobasic currents differ widely in individual units, varying between 2-0 and 18-1 x 10-* A in 


the 18 motoneurones of Table 1. This variability can be readily accounted for if one accepts that 
motoneurones fire an impulse when the polarization of their membrane is decreased to a critical 
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level to be called ‘threshold polarization’, Bh ae se First, the membrane polarization V,, is 
likely to be more or less removed from the threshold polarization V, in individual motoneurones, 
for instance, owing to more or less effective background synaptic bombardment. Therefore, even 
if all motoneurones had similar membrane resistance, different currents would be required to 
depolarize different motoneurones to their threshold levels. Secondly, the total resistance of the 
soma membrane is probably quite different in individual units, as a result of the wide variation of 
their size, for if resistance per unit area is uniform, total resistance is inversely proportional to the 
membrane area. Consequently more current would be required to evoke a given depolarization in 
a large motoneurone than in a small one. Finally; the amount of leak around the microelectrode 
shaft may be a factor of importance. 


Fig. 2. Effects of currents on orthodromic excitation. Upper trace measures current strength 
through microelectrode but not timing of current pulse because the sweeps of the two beams 
were not synchronized. Upward deflexion indicates depolarizing current. Lower trace shows 
potential of microelectrode after alignment of spike peaks. A calibrating pulse of 50 mV is 
displayed in each sweep. Time, 1 msec. A: suprathreshold depolarizing current evokes firing 
with 1-3 msec latency. Subsequent dorsal root stimulus evokes then only a small synaptic 
potential. With decreasing depolarizing currents (B and C) the synaptic potential becomes 
more and more evident, approaching its normal height without current (D). With hyper- 
polarizing currents (E and F) synaptic potential height is increased and firing is delayed. 
Further increase of hyperpolarizing currents (G) prevents firing. The two horizontal broken 
lines emphasize approximate constancy of V,,-V, with changing currents (see diagram of 


Fig. 4). 
D 


iS 


Fig. 3. Effects of currents on antidromic invasion. Upper trace measures current intensity as in 
Fig. 2. Spike peaks aligned horizontally. Spike height V, is decreased by depolarizing currents 
(A and B) and increased by hyperpolarizing currents (D and E). The inflexion in the rising 
phase of the normal antidromic spike (C) is less prominent during depolarization and more 
prominent during hyperpolarization, until block occurs (F). Time, 1 msec. 


As one would expect, hyperpolarizing currents exert an action opposite to 
that of depolarizing currents. Orthodromic volleys which safely evoke firing 
in resting conditions become subthreshold if the motoneurone is hyperpolarized 
by current flow (Fig. 2 D-G). The inflexion normally present in the rising phase 


of 
Ke 
cu 
. 
{ 
: 


STIMULATION OF MOTONEURONES 455 


of motoneurone soma spikes evoked by antidromic stimuli (Brock, Coombs & 
Eccles, 1953; Frank & Fuortes, 1955) is emphasized by weak hyperpolarizing 
currents, and for stronger current intensity the motoneurone spike falls from 
the point of inflexion (Fig. 3D—F). The values of current intensity eliciting this 
‘partial block’ of antidromic spikes are given in Table 1, column 3. 


potential 
-V, 
4-+-Vep 
+4 #42 #0 =4 
Axio? 
Fig. 4 Fig. 5 


Fig. 4. Diagram to illustrate terminology used with reference to antidromic or orthodromic action 
potentials. All potentials are measured from the outside potential taken as 0. V,, (which can 
be measured only for orthodromic spikes) and V,, are negative quantities. V,, and V,=V,, — V,,, 
are positive quantities. 

Fig. 5. Plot of antidromic spike height (V,) as a function of current through microelectrode. 
V, plotted downward from broken line to indicate assumption that the spike peak potential 
V.. is unaffected by current. Positive current is outward directed. Data from records like 
those of Fig. 3. Slope is 2-3 MQ. Note that zero of potential scale is not outside potential on 


this and subsequent plots. 


Membrane resistance and threshold polarization 

Since the potential drop occurring across the membrane as a result of 
current is balanced out by the bridge together with the larger potential drops 
across other resistances, the potential of the membrane cannot be measured 
directly during current flow. Threshold polarization and membrane resistance 
were determined therefore by two indirect methods. It will be seen that both 
methods are subject to certain limitations but these do not include dependence 
of the results on resistance of the cytoplasm. 

Spike height (V,) method. The first method is based upon measurement of 
spike height (V,=V,,,—V,,) during flow of polarizing currents (see Fig. 4). 
Within limits the rate of change of resting polarization, V,,, with current can be 
taken to measure the resistance R,, of the resting membrane. Thus 


= R,,,. 
If the generator of V,,, is not affected by the currents used, the rate of change 
of potential at spike peak with current measures membrane resistance R, at 


the peak of the spike, i.e. 
= R,. 
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The spike height V,, which is the only measurable quantity with the method 
employed, is V,,—V,,; therefore, 


aV,/al = R,, —R,. 


The height of antidromic spikes has been plotted in Fig. 5 as a function of 
current. In this plot the peaks of the spikes have been aligned horizontally. 
The slope of the line through the points is equal to R,,—R,. Since R, is 
probably small in comparison with R,, the measured slope will be only a little 
smaller than R,,. 


Time 
Pre 
dromic a | 
Moto- Rheobase blockt Spike (V,) curves R, 
neurone* x10*A x1l0*A (mV) (mV) (msec) ) 
(1) (2) (3) (4) (5) (6) (7) (8) 
10-4 7-7 74:5 0-72 
2" 11-4 9-7 — 102-0 a 0-80 
3 4-4 7d 70-0 1-08 1-70 1-70 
4 3-2 - 3-5 75-0 — 2-25 2-50 
5 12-1 18 92-0 1-12 
6 4-0 — 6-0 70-0 _ 1-18 1-30 
7 2-5 a 5-0 72-7 1-15 2-00 — 
8 2-4 = 6-0 79-0 — 2-35 2-35 
9 8-1 5-0 78-0 0-62 
10 7-0 6-9 11-4 98-0 — 1-43 
ll 18-1 6-6 83-0 1-73 
12 73 — 10-0 82-0 — 1-00 1-23 
13 12-0 16 56-0 0-68 
14 6-0 9-7 82-0 1-80 
15 2-0 96-0 0-74 
16 3-0 75-0 1-78 
17 6-0 — 9-5 89-0 — 1-14 1-50 
18 6-5 73-5 0-70 
Av. 70 5-7 7-4 80-5 1-12 1-53 1-50 
Av. of 
52 units 7-4 55 7-4 78-9 1-08 1-66 1-65 
Av. of 


4axons 1-7 79-5 0-27 


© The 18 units listed are those for which at least three of the measurements indicated were 
available; only averages are shown for other measurements. 

+ Hyperpolarizing current required to produce ‘partial block’ of antidromic spike (see p. 455). 

} Time constant of exponential curve best fitting experimental points of strength-latency or 
strength-duration plots (see Fig. 9). 

§ Slope of plots of synaptic potentials against current (see Fig. 7). 

|| Slope of plots of spike height (V,) against current (see Figs. 5 and 6). 


Values of R,,—R, observed in this manner are given in the last column of 
Table 1. They average 1-65 MQ. This is the value of R,, if R,=0 and thus 
represents a lower limit for R,,. Since R, is probably less than 20% of R,, 
an upper limit for the average of R,, would be about 2-0 MQ. The close 
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approximation of the points in the plot toa straight line indicates that R,, — R, 
does not change with J and therefore, most probably, that neither R,, nor R, 
is affected by these currents. Moreover, since the straight-line relationship 
includes both positive and negative currents, the membrane shows no evidence 
of rectification with small currents. 
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Fig. 6. Plot of orthodromic spike height V, and potential difference between spike peaks and 
threshold inflexion V,,-V, as a function of current through microelectrode. Potentials 
plotted downward as in Fig. 5. Positive current is outward directed. Data from records like 
those of Fig. 2. If spike peak potential is independent of current the open circles (© ) represent 
membrane potential, V,,, and the slope of the line through them, 1-85 MQ, gives the resting 
membrane resistance R,,. Similarly, line through filled circles ( @), which has a slope of 
0-25 MQ, measures the rate of change of threshold membrane potential V,, with current. 


Plots similar to that of Fig. 5 can be made for orthodromic rather than anti- 
dromic spikes (Fig. 6). As one would expect, similar values are obtained for 
R,,—R,. In addition, the potential (V,,) at which the inflexion between 
synaptic potential and spike occurs, can be plotted on the same scales. The 
resulting points (filled circles of Fig. 6), fitted a straight line showing a small 
positive slope in the ten cases examined. This indicates that the recorded 
threshold polarization V,, is decreased by depolarizing and increased by 
hyperpolarizing currents. In the ten cases analysed for this purpose, the 
potential level recorded when firing occurred for synaptic excitation was 
0-2-2 mV less negative than that calculated for direct excitation. 

This change of threshold with currents has the dimensions of a resistance 
measuring 0-25 MQ in the case illustrated and can be called Ry. It should be 
emphasized that the existence of a physical resistance of this value is not 
implied. 

As previously discussed with relation to R,,, the measured slope of the 
threshold line should be increased by the magnitude of R,. In the example of 
Fig. 6, R,, —R,=1-9 MQ. If R,<0-2 R,, the true rate of change of threshold 

polarization with current, Ry, , is between 0-25 and 0-72 MQ. Since in all the 
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ten cases the slope of the threshold line was zero or positive it can be concluded 
that Ry, > R,. 

Synaptic potential (V,,—V,,) method. Another method for measuring mem- 
brane resistance employs the variation of height of threshold synaptic poten- 
tials with current. With this method higher amplification can be used and thus 
greater precision is possible than with the former method based on spike height 
measurement. 


+ 86+ 0 

Ax10? 

Fig. 7. Height of synaptic potential V,,—V, as a function of microelectrode current. Threshold 
inflexion points aligned horizontally (broken line) and synaptic potentials plotted downward. 
Data taken from high gain records which did not show spike peaks. The two arrows show two 
values of rheobasic current obtained in this experiment. Slope of line is 2-7 MQ and measures 
R,, — Ry, (see Text). 


The principle of the two methods is similar. The rate of change of resting 
polarization with current is equal to the resting membrane resistance: 


aV,,/aI =R,,. 


As said above, the rate of change of V,, with current has also the dimensions 
of a resistance and has been called R,,: 


=R,,. 


If the measured synaptic potential V,,—V,, is plotted against the current /, 
the resulting curve has a negative slope, 


Ry. 


A typical plot of such data is shown in Fig. 7, in which synaptic potentials are 
plotted downward from the horizontal dashed line, as though the threshold 
polarization V,, were independent of current. The values of R,, —R,, presented 
in column 7 of Table 1 show an average of 1-66 MQ. This figure should not be 
compared with the average value of R,, — R, shown to be 1-65 MQ in column 8, 
because different units were included in the two columns. The six units for 
which both measurements are available give average values of R,,, — R, = 1-76 MQ 
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and of R,, — Ry, =1-60 MQ. Again, assuming that the membrane resistance R, 
at the peak of the spike is less than 20% of the resistance R,,, of the resting 
membrane, the following ranges are obtained: 


R,<0-44MQ, 1-76<R,,<2-20MQ, 0-16<R, <0-60 MQ. 


Since, in the six units considered, Ry, —R, has the average value of 0-16 MQ 
while the average rheobasic current is 4-56 x 10-* A, the average difference 
between threshold polarization, V,,, for direct or synaptic excitation measures 
0:73 mV. 


B Cc 


Fig. 8. Excitation by currents of different intensities. Lower beam measures current through 
microelectrode and upper beam records microelectrode potential. Ten sweeps are super- 
imposed in each frame. In A, current is just above rheobase and occasionally fails to excite. 
With increasing current strength, latency is decreased and smaller latency variations occur. 
Time, 1 msec. 


Strength-lat Membrane tume constant 

It is well known (see Katz, 1939) that within limits a stimulating current 
pulse of long duration excites a nerve fibre with a current intensity lower than 
that required if the stimulus is shorter. The relation between intensity J and 
duration t of threshold stimulating currents is approximately described by the 
equation 
I,/I[=l—-e 7, 


where J,, is rheobasic current and 7 is the time constant. 

Determination of the strength-duration relationship of threshold stimuli is 
a time-consuming procedure and was performed only occasionally in this study. 
Since the time available for making reliable measurements from inside moto- 
neurones is often short it was considered more economical to determine the 
strength-latency relationship by measuring latency for impulse initiation 
following stimuli of long duration and different strengths. 

While most measurements reported here are from strength-latency data, 
both methods were used for comparison of results. Fig. 8 shows typical 
records from which strength-latency data are taken. From such measurements 
plots are made of current strength against latency of firing and the theoretical 
curve is found which best fits the experimental points (Fig. 9). As shown in 
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Table 1, column 6, the time constants of these theoretical curves show an 
average value of 1-08 msec for 24 units tested. 

Some confidence in the validity of these results obtained with microelec- 
trodes is gained by applying the procedures described above to dorsal and 
ventral root fibres. Here the time constant was shorter than in somata, 
averaging 0-27 msec as shown in Table 1. This value corresponds to a chronaxie 
of 0-19 msec which is well within the range of chronaxies quoted in the 
literature for large nerve fibres of mammals (0-05-0-6 msec according to 
Schaefer, 1940, Table 18). 


3r 


2 ~ 3 msec 


Fig. 9. Strength-latency relationship in a motoneurone. Plot of current intensity J, measured in 
terms of rheobase, as a function of spike latency ¢. Points taken from records like those of 
Fig. 8. The solid line is the best fitting theoretical curve from the equation mentioned in the 
text, and has a time constant 7 = 0-64 msec. 


Potential and excitability changes 

Strength-latency curves can be obtained without difficulty with the methods 
employed in this research, and their time constants are consistent in different 
units. However, it cannot be assumed that the course of a strength-latency 
curve gives an accurate measure of the time-constant of the membrane since 
such events as accommodation and subthreshold responses might be com- 
plicating factors (see Hodgkin & Rushton, 1946). Therefore, the time-constant 
of the strength-latency curve has been compared in a given unit to the course 


of excitability and potential changes which follow abrupt onset or cessation of 
a stimulus. | 


Techniques of this type have often been applied to nerve fibres. Kries & Sewall (1881), Gilde- 
meister (1908), Lucas (1910), Rushton (1932), Katz (1937), and others reported the time-course of 
excitability changes, whereas Hodgkin (1937, 1938), Hodgkin & Rushton (1946), Katz (1947), and 
others analysed the course of local potential changes following application of currents. 

Similar measurements have been performed on motoneurones only recently. Araki & Otani 
(1955) recorded the bridge unbalance evoked by current pulses of long duration. With the electrode 
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_ outside a cell, the bridge was balanced for the applied currents. After penetration the same currents 


unbalanced the bridge and the time-course of this unbalanced potential was taken as a measure of 
the time constant of the penetrated unit. Eccles (1946, 1952), Brock, Coombs & Eccles (1952) and 
Coombs, Eccles & Fatt (19555), on the other hand, based their measurements on the assumption 
that rate of decay of excitatory or inhibitory synaptic potentials is a measure of the time constant 
of motoneurone membranes. 


2 3 4 msec 


1 2 3 4 msec 


Fig. 10. Plots of potential and excitability changes obtained in une unit (unit 1 of Table 2). Open 
circles (©) are experimental measurements and solid lines are the best fitting exponential 
curves. A: course of bridge unbalance recorded after onset of a long depolarizing current; 
time constant, 1-80 msec. B: course of bridge unbalance following termination of a short 
depolarizing current; time constant 1-31 msec. C: excitability after onset of long depolarizing 
current; ordinate, strength of test stimulus required to excite, expressed as a fraction of its 
threshold strength in the absence of ‘conditioning’ current; time constant, 1-07 msec. 
D: excitability following termination of a short depolarizing current; ordinate as in C; time 
constant: 1-24 msec. In this unit, time constant was independent of current intensity up to 
90% of threshold. 


In the present research the following measurements have been made in 
addition to measurement of the strength-latency relationship: 

(a) Potentials recorded during and following long (2-100 msec) hyper- 
polarizing or depolarizing current pulses. 

(b) Excitability during and following the same long pulses. 

(c) Potentials recorded following short (0-2-0-3 msec) hyperpolarizing or 
depolarizing current pulses. 

_(d) Excitability following the same short pulses. 
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Because accurate comparison of time constants determined in a unit by 
several different methods is a time-consuming procedure, this analysis was 
limited to two units only. The results obtained in these two units are illustrated 
in Fig. 10 and summarized in Table 2. Although it appears there that the 
values found with the various methods employed are in reasonably good 
agreement, some discussion is required. 


Fig. 11. Effects of currents on microelectrode. Measurements were made using the circuit of Fig. 1. 
The microelectrode was immersed in a bath of saline or 3 m-KCl which was connected to the 
bridge by the indifferent electrode 1.2. Upper trace: current measured as in Fig. 1 B. Lower 
trace: microelectrode potential with respect to ground. Calibrating pulse, 50 mV: A-D, 
3m-KCl bath; E-H, saline bath. Values of electrode resistance and current intensities at 
start of pulse are as follows: 

A B Cc D E F G H 

Resistance (MQ) 6 5 6 5 — 24 17 23 

Currentx10- A Initial +44 +16 -15 -46 +22 +14 -44 

Final +45 +16 -16 -44 #=$422 -5O 

Positive sign indicates outward current. Note different time course of bridge unbalance with 
similar currents but different electrode resistance, for instance in B and F. 


Bridge unbalance. It should be mentioned first that some of the measure- 
ments of the potentials recorded during current flow were recognized to be in 
error and were therefore discarded. Control experiments performed with the 
microelectrode dipped in salt solution (Fig. 11) showed that current flow often 
evokes an apparent change of electrode resistance (electrode polarization). 
This change results in gradual development of bridge unbalance and is 
recorded as a potential change often showing an approximately exponential 
time-course. Both size and time course of this change were observed to vary 
with electrode resistance as well as with current intensity. Its time constant, 
however, was generally much longer than that ascribable to the motoneurone 
membrane, amounting to about 5 msec in several cases. It can be suspected, 
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therefore, that the time constant of electrode changes may interfere with 
measurements of membrane time constant based on the time course of recorded 
potentials elicited by currents. The errors introduced by electrode polarization 
may be negligible when relatively coarse pipettes and weak currents are used, 
but is often very considerable in other cases: Interference by electrode 
polarization may be recognized when a measurement of time constant by 
bridge unbalance is widely different from measurements by other methods 
performed on the same cell and when the aberrant time constant is in the range 
of polarization time constants previously encountered in vitro. 


~ 
— 


Fig. 12. Changes of electrode resistance with movement through the cord. Upper trace signals 
electrode movement; a full deflexion of the instrument is reached by a movement of 200 ju, 
after which the pen jumps back and begins recording of further movement in the same way. 
Lower trace, microelectrode potential with respect to ground led off as in Fig. 1. Calibration 
signals of 50 mV are delivered while the electrode is moved through the cord as indicated in 
the upper trace. Electrode resistance was 24 MQ at { as measured by disconnecting R, of 
Fig. 1A. Decrease of size of the recorded signal denotes increased electrode ‘resistance 
(see p. 452). Time 30 sec. 


It has been mentioned that electrode polarization elicited by a given current 
is different with different electrode resistances. It was further observed that 
electrode resistance may change quite extensively with even minute move- 
ments of the electrode in nervous tissue (Fig. 12). For these reasons the bridge 
unbalance elicited by a given current was often different in size and time- 
course if the electrode was moved in the cord. In particular, it was sometimes 
found that rate of development of bridge unbalance was slower with the 
electrode outside than inside a motoneurone. This result could be attributed 
to change of resistance of the electrode consequent to the small movement 
required to shift its tip from inside to outside a unit and showed that the 
course of bridge unbalance during current flow may be an unreliable measure 
of membrane time constant even when records taken inside and outside a unit 
are compared. Valid results can be obtained with this method only when it can 
be ascertained that electrode polarization is negligible. 


ont + 
f 
. 
wore 
*, 
gem 
4 
t 
x 
4 


464 K. FRANK AND M. G. F. FUORTES 


Accommodation. . Time constant of strength-latency curves would be 
appreciably shorter than membrane time constant if spinal motoneurones 
of anaesthetized preparations presented accommodation comparable to that 
of peripheral nerves. Accommodation of motoneurones was not studied 
systematically. In three units, however, accommodation to depolarizing 
currents was studied by testing excitability during a current pulse lasting 
100 msec. A typical result is illustrated in Fig. 13 which shows that accommo- 
dation is much less prominent in motoneurones than in peripheral nerves 
(cf. Rushton, 1932) and probably does not introduce a serious error in mem- 
brane time-constant measurements based on strength-latency curves. Other 


1-0 Foo 
Ri 
Conditioning stimulus 
0 50 100 msec. 


Fig. 13. Accommodation to long depolarizing current. Ordinate, current intensity expressed in 
fractions of threshold intensity of a test stimulus of 0-2 msec duration. Broken lines indicate, 


on the same scale, intensity of long-lasting (conditioning) current used during the experiment, 
and its rheobase value. 


limitations may be inherent to the strength-latency method, but it would be 
premature to discuss these at this time. __ 

Excitability. The last method employed, consisting of tracing the course of 
excitability changes induced by abrupt stimuli, is not subject to many of the 
defects of other methods but proved to be too laborious for practical purposes. 
Usually, for the sake of speed of experimentation, the curves obtained by this 
method were of necessity hased on relatively few points only and thus were 
less accurate than those obtained by the other methods mentioned. In 
favourable conditions, however, the results obtained by excitability measure- 
ment may be regarded as reliable. 

Validity of results. In an attempt to reveal sources of error peculiar to any 
one of the methods employed, the results have been averaged in different ways, 
as shown in Table 2B. It might be thought that the time-constant as measured 
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by excitability would be different from that using potential measurements 
since electrode polarization effects would be eliminated. Similarly, methods 
using hyperpolarization would be free of the possible non-linearities of the 
‘local response’. And finally results with short current pulses would be 
uncontaminated by accommodation. Comparison of results grouped in these 
various ways in Table 2 shows, however, that differences in results by the 
different methods are masked by randomness of the individual measurements. 


Taste 2. Determination of r (msec) by different methods 


A 
Method Unit 1 Unit 2 Method Unit 1 Unit 2 
Potential fi Excitability following 
short i 1-31 1-01 short depolarization 124 81:25 
Potential following Excitability following 
short h — 149 h 097 
Poten citability during 
1-83 1-33 long idetion 0-71 1-15 
Potential during Excitability during 
long h 143 long h 1-26 81-74 
fo Excitability following 
long izati 0-85 —_ long d tion 0-70 — 
Potential following Excitability following 
long hyperpolarization 1-23 long h 1-22 
B 
Unit 1+ Unit 1+ 
Method Unit 1 Unit 2 2 Method Unit1 Unit2 unit 2 
1-27 =. 1:32 1-28 Depolarization 
Long currents 1-12 1-44 1-20 Short currents 126 8§=61-07 1-14 
Unit 1 Unit 2 Unit 1 + unit 2 
Av. of all values but strength-latency 1-14 1-25 1-18 
8 -latency 0-76 1-02 0-88 
Av. of all values 1-09 1-21 1-14 


These random errors might be reduced in the average of all values, and it will 
be noted that the average figure of 1-18 msec resulting from 44 measurements 
of excitability and potential in two units is quite comparable to the value of 
1-08 msec derived from averaging the strength-latency measurements per- 
formed in the different units of Table 1. It will be noted, however, that in the 
two units of Table 2 the time-constant value obtained by strength-latency 
measurements (0-88 msec) is considerably lower than the average value 
obtained with other methods (1-18 msec). If the results obtained in these two 
units are representative, it must be concluded that strength-latency measure- 
ments give time constant values shorter than other methods and that a higher 
average figure (perhaps 1-4 msec) would have been found if time constant had 
been analysed in all units with the different methods described. 
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Technical lumitations 

It is well known that the properties of impaled elements often change 
rapidly with time. In a previous study (Frank & Fuortes, 1955) the changes in 
the potentials recorded from a unit were the main indication of the condition 
of the unit itself, and it was noted that not only deterioration but also improve- 
ment could occur with time. In the present study changes of electrical 
properties of motoneurones could be demonstrated to occur also in the absence 
of major changes of spike potential. More often both spike potential and 
excitability changed with time but no systematic relations between the two 
were found, One example of changes occurring with time in one unit is given 
in Fig. 14. This example is given as an illustration of the limitations of tech- 
niques involving impalement of neural elements and may explain why 
measurements requiring long times were rarely performed. 


4 

Minutes 

Fig. 14. Changes occurring in a penetrated motoneurone. Unconnected points show height of 
spikes V, for different routes of excitation. *, excitation with long current pulses through 
microelectrode; @, excitation with brief current pulses through microelectrode; O, anti- 
dromic excitation; A,orthodromic excitation; w,membrane potential. Solid bars connected 
by dotted lines, rheobasic current. Abscissa: time after penetration. Discontinuities indicate 
periods when no data were recorded. 


DISCUSSION 


The electrical properties found in the motoneurones examined are generally 
consistent with those established for other nerve tissues. Assuming with Eccles 
(1956), that the surface area of a motoneurone is 5 x 10~* cm®, resistivity of the 
motoneurone membrane is about 1000 Q cm? and thus is of the same order of 
magnitude as the resistivity of non-medullated nerves (cf. Weidmann, 1956, 
table 3). 

The finding that excitation by applied currents occurs when there is about 
1 mV more average membrane depolarization than for synaptic excitation 
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requires some discussion. Several interpretations can be offered to explain 
this result. One possibility is that synaptic bombardment not only evokes 
depolarization of the motoneurone membrane as recorded in the synaptic 
potential, but also exerts an additional excitatory action which is not revealed 
_ by the physical measurements performed. Views of this type have often been 
expressed in the past, and some authors (Lloyd, 1955; Lloyd, Hunt & McIntyre, 
1955; Hunt, 1955) still postulate that two separate events occur at excitatory 
synapses; one brief, unrelated to the synaptic potential and capable of exciting 
and a second longer lasting, closely associated to the synaptic potential but 
only capable of facilitating excitation. This interpretation has the disadvan- 
tage of postulating an excitatory action not measured or defined in physical 
terms. 

Interpretations not subject to this limitation can be proposed. An intra- 
cellular microelectrode records the average polarization of different parts of the 
cell membrane. It can be thought, and indeed it is quite likely, that the 
depolarization evoked by synaptic or direct stimuli is not uniformly dis- 
tributed over the whole membrane. Therefore some areas of the motoneurone 
membrane will be more and some will be less polarized than the recorded 
average. If the geometrical distribution of the depolarization with respect to 
the locus where the spike is initiated is systematically different for direct and 
synaptic excitation, a consistent difference would be found in the average 
depolarization recorded in the two cases. eg 

This interpretation implies that a propagated discharge of the motoneurone 
soma begins at some particular locus. This is supported by the finding that 
motoneurone spikes develop in two steps (Araki & Otani, 1955; Eccles, 1956; 
Fatt, 1956; Fuortes, Frank, Becker & Morrell, 1956). For direct excitation 
there is good evidence that the locus of origin of the spike is in the neighbour- 
hood of the axon and propagates from there orthodromically along the axon 
itself and ‘antidromically’ over the rest of the cell (Fuortes e¢ al. 1956). It has 
been suggested (Araki & Otani, 1955; Eccles, 1956; Fatt, 1956) that these same 
processes occur for synaptic excitation, but the evidence so far is perhaps not 
equally conclusive. 

Thus the results just quoted fulfil one of the basic requirements of the 
proposed interpretation, namely, that the spike is initiated at a particular 
locus of the cell membrane. Therefore, the hypothesis that synaptic or direct 
excitation of a motoneurone occurs when some part of its membrane is 
depolarized to a threshold value is tenable and appears to be testable by 
available techniques. 

The other result deserving brief discussion refers to measurement of the 
time constant of the motoneurone membrane. It has been pointed out above 
that the average value of 1-08 msec obtained from strength-latency measure- 
ments should perhaps be corrected to 1-4 msec. From these values, and from 
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the measurements of area and of resistance given above, values of 1-0-1-5 uF /cm? 
are obtained for the motoneurone membrane. These figures are lower than 
those found by Araki & Otani (1955) in toads’ motoneurones, but it cannot be 
assessed whether this difference should be ascribed to species difference or to 
differences of technique. More important is comparison between the values 
obtained in this study and the conclusion reached by Eccles (1952), Brock et al. 
(1952), and others, that the time constant of motoneurones of cats amounts to 
4 msec. This conclusion was based on evidence showing that orthodromic 
volleys producing a normal synaptic potential in a resting motoneurone fail to 
evoke any change if they arrive in coincidence with an action potential of 
antidromic origin. This was considered to demonstrate that the action exerted 
by an impinging volley is short-lasting and that the falling phase of the synap- 
tic potential reflects passive electrical properties of the post-synaptic membrane. 

The present results, confirmed by more recent results obtained in Eccles’s 
laboratory (Eccles, 1956), suggest instead that the long duration of the potential 
change evoked in the motoneurone soma membrane is not a consequence of 
the long time constant of this membrane itself, but rather of a similarly 
long-lasting change occurring elsewhere. 


SUMMARY 


1. Electrical properties of spinal motoneurones have been measured in 
anaesthetized cats. Potential changes occurring across the motoneurone 
membrane were led off by means of micropipettes inserted inside the neurone 
soma. Stimulating currents were delivered through the same micropipette 
used for recording and a Wheatstone bridge was used for balancing the poten- 
tial drop developed across the microelectrode resistance by the stimulating 
current. 

2. All penetrated units could be excited by depolarizing currents of sufficient 
intensity. Depolarizing currents insufficient to excite facilitated the action of 
orthodromic stimuli as well as antidromic invasion of motoneurones. Hyper- 
polarizing currents exerted opposite effects. The average rheobase was 
A. 

%. Total resistance of the motoneurone membrane was measured by two 
indirect methods based on the assumption that the overshoot potential is not 
affected by polarizing currents and was found to measure 1-65 MQ in the 
average. The same methods and the same assumption were used for determining 
the amount of depolarization required to elicit firing by direct application of 
electrical stimuli. In the average of six units this was 0-73 mV greater than 
the depolarization evoked in the same units by a threshold synaptic potential. 

4. Strength-latency curves were plotted for twenty-four motoneurones and 
showed an average time constant of 1-08 msec. Accommodation (measured in 
three cases) was found to be much smaller than in peripheral nerves and 
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probably did not affect the time constant measured by the strength-latency 
method. 

5. In order to test the significance of the time constant obtained from 
strength-latency curves its value was compared in two units to the time constant 
of potential and excitability changes following application of currents. In 
these two units the average value by strength-latency measurements was 


0-88 msec as compared to an average yalue of 1-18 msec by potential and 
excitability measurements. 


6. The results lead to the conclusion that motoneurone excitation occurs 
when its membrane is depolarized to a threshold potential. A possible inter- 
pretation of the finding that the recorded threshold potential is slightly less 
negative for direct than for synaptic excitation is discussed. With this 
interpretation it is unnecessary to assume that impinging impulses evoke 
motoneurone firing by any process other than by depolarization of the 
membrane to a critical level. | 

7. Since the time constant determined by strength-latency curve, potential, 
or excitability changes is considerably shorter than the time constant of decay 
of the synaptic potential, it is improbable that the long duration of the falling 
phase of synaptic potentials is due exclusively to the time constant of the 
motoneurone soma membrane. 
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THE RELATIONSHIP BETWEEN GLANDULAR ACTIVITY, 
BRADYKININ FORMATION AND FUNCTIONAL VASO- 
DILATATION IN THE SUBMANDIBULAR 

| SALIVARY GLAND 


, By 8. M. HILTON anp G. P. LEWIS* 
From the National Institute for Medical Research, Mill Hill, London, N.W.7 


(Received 11 July 1956) 


As a result of previous experiments on the submandibular salivary gland, it 
was concluded that functional hyperaemia in this organ is due to the vaso- 
dilator action of a material indistinguishable from bradykinin. This is formed 
in the interstitial fluid by the action on the plasma proteins of an enzyme-like 
substance escaping from the gland cells during activity (Hilton & Lewis, 
1955, 5). 
In those experiments the enzyme was demonstrated in the effluent collected 
| from the perfused gland activated by stimulation of the chorda tympani. In 
the present investigation we have examined the question whether this release 
is always obtained following glandular activity, no matter whether this is 
produced by chorda or sympathetic stimulation, or by injection of acetyl- 
choline or sympathomimetic amines. The release of bradykinin-forming enzyme 
) from the perfused gland has been followed quantitatively, and the results show 
| a consistent relationship between glandular activity, local vasodilatation and 
release of bradykinin-forming enzyme. 


METHODS 

The experiments were performed on cats under pentobarbitone anaesthesia (40 mg/kg). The 
preparation of the submandibular salivary gland for the isolation of its arterial inflow and venous 
| outflow, and for the stimulation of the chordo-lingual nerve, was carried out as previously described 
(Hilton & Lewis, 1955a). In some experiments the cervical sympathetic nerve trunk was separated 

out and divided in the neck, the peripheral end being fixed in a fluid electrode. The lingual artery 
| was cannulated for injection and perfusion. The venous outflow was measured using @ photo- 
electric drop recorder (Hilton & Lywood, 1954), drop-formation being registered with a Thorp 
impulse counter or a Gaddum drop-timer. The fluid used for perfusion was either oxygenated 
; Locke’s solution or an oxygenated dextran-saline solution (Plasmosan, May and Baker). The 
chordo-lingual and cervical sympathetic nerves were stimulated with square waves of supra- 
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maximal voltage and 0-5 msec duration at 10/sec. One femoral vein was cannulated for intra- 
venous injections, and the femoral artery of the other leg for recording the arterial blood pressure. 
Heparin (10 mg/kg) was injected into the vein cannula before any of the other vessels were 
cannulated. 
Collection and assay of perfusate 

Perfusion was carried out from a Marriotte bottle at a low head of pressure (60-70 mm Hg), 
maintaining a flow through the gland of 1-1-5 ml./min, After 2-3 min perfusion, when the outflow 
was almost clear of blood, perfusate was collected in successive 3 or 5 min samples for a total 
period of 30-35 min. The samples were collected in siliconed glass containers, which were kept in 
ice until the assay was completed. The assays were carried out on the isolated non-pregnant rat 
uterus. Each horn was mounted in a 15 ml, organ bath containing de Jalon’s solution and 
maintained at a temperature of 29-30° C. When perfusate was tested for its content of bradykinin- 
forming enzyme, an appropriate volume was added to excess of dog’s pseudoglobulin, and the 
mixture was incubated at 30° C for 1 min. It was then transferred to the organ bath, and assayed 
against a standard preparation of bradykinin. 


mi. 02 04 0025 005 005 0025 02 


Fig. 1. Rat uterus suspended in 15 ml. de Jalon’s solution. Assay against standard bradykinin 
(Br) of bradykinin-forming activity of samples of perfusate (A, B,C, D). Sample A taken from 
resting gland, and B during and in the 2 min following 1 min chorda stimulation. C and D 
were subsequent 5 min samples. The figures represent the volume in ml. taken for incubation 


with excess pseudoglobulin, each for 1 min at 30°C. B, C and D were diluted 1:10 with saline 
before incubation. 


Some of the results obtained in a typical assay are shown in Fig. 1. ‘Using the rat uterus as 
a test objeut, the tests can only be carried out at 5 min intervals in most preparations. Therefore, 
since it was necessary to test the samples of perfusate as soon as possible after collection, the 
procedure adopted was to establish the dose-response curve before samples were collected, to 
test the samples themselves and finally to repeat the dose-response curve. In many experiments 
it was possible to interpolate doses of bradykinin during the testing of samples. The enzyme 
activity of the perfusate has been expressed in terms of equi-active amounts of standard brady- 
kinin, the appropriate calculation being made for the volume and time of collection in order to 
derive the amount of activity per minute of perfusion for each sample. 


RESULTS i 
Release of bradykinin-forming enzyme from the resting submandibular 
salivary gland | 
In previous experiments the salivary gland was perfused with Locke’s solution 
and the perfusate examined for the presence of bradykinin-forming enzyme. 
Samples of perfusate, after incubation with dog plasma, were tested for 
bradykinin on the guinea-pig ileum. It was found that, whereas incubated 
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perfusate from the resting gland was inactive, incubated perfusate collected 
during chorda stimulation possessed bradykinin-like activity (Hilton & Lewis, 
19556). In the present investigation perfusate has been incubated with 
pseudoglobulin instead of plasma and the subsequent assay for bradykinin 
carried out on the rat uterus, which is 20 times more sensitive than the guinea- 
pig ileum. With this sensitive preparation even perfusate collected from the 
resting gland showed bradykinin-like activity after incubation. Thus small 
amounts of the enzyme do escape from the perfused gland even at rest. 


Taste 1, Activity of perfusate (expressed as ug bradykinin per min perfusion) from the 


gland, in 32 experiments 
1-9 10-19 20-250 
(ug/min) (4g/min) (g/min) 
1 10 23 
15 ll 36 
2 11-5 37 
2 13 50 
4 13 51 
4 14 60 
45 15 76 
5 17 78 
5 17 150 
6 235 
7 
8-5 
9 


The enzyme activity of perfusate from the resting gland was assayed in 
thirty-two experiments and the results are shown in Table 1. The figures 
express in wg bradykinin the activity for 1 min perfusion. In two-thirds of the 
experiments the activity was less than 20g/min, and in most of these it was 
even less than 10g/min; but in a few experiments much higher values were 
obtained. When perfusion of the resting gland was continued for 30-35 min, 
the enzyme activity of the perfusate remained fairly steady throughout, as 
illustrated in Fig. 2a. 


Release of bradykinin-forming enzyme on activation of the salivary gland 
by chorda stimulation or by acetylcholine 

In these experiments one or more 5 min resting samples of perfusate were 
first collected. Then either the chorda was stimulated or ACh was infused 
arterially for 1 min, and the next sample was collected during this period and 
the following 2 min. Subsequent samples were again collected in 5 min periods. 
Chorda stimulation increased the enzyme activity of the perfusate, no matter 
whether the resting value was low or high: the activity was increased between 
2-5 and 8-5 times. A fourfold increase is shown in the experiment of Fig. 26. 
The sample collected during and immediately after the 1 min chorda stimula- 
tion invariably contained the highest enzyme activity, though imcreased 
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activity was always found also in the following 5 min sample, sometimes in the 
second, and occasionally even in the third. 

All the samples of perfusate, when tested on the rat uterus without previous 
incubation with pseudoglobulin, were without effect, with the exception of the 
sample collected during and immediately after chorda stimulation, which did, 
on occasion, cause the rat uterus to contract. Since the sample was rendered 
inactive on incubation with chymotrypsin, the contraction was probably due 
to bradykinin. This pre-formed bradykinin never accounted for more than 
10% of the activity obtained after incubation of the sample with pseudoglobulin. 


20r 


(a) 1st (6) 


as bradykinin (ug/min) 


5 10 15 20 25 30 es: eee 
Time (min) 

cats, perfused for 35 min. a, resting gland; 6, gland activated by 1 min chorda stimulation 
(at Ch). In each experiment gland was perfused for 2 min, then perfusate was collected 
in 5 min periods, except for the 3 min samples collected during and in the 2 min following 
chorda stimulation. 


In these experiments with Locke’s solution the perfusion pressure must be 
kept low, in order to avoid gross oedema, and under these conditions vaso- 
dilatation is not observed, either from chorda stimulation or injections of 
acetylcholine or histamine. On the other hand, when the gland is perfused 
with a dextran-saline solution, higher perfusion pressures can be used, which 
are closer to normal, and all the usual vasodilator responses can be obtained. 
In a few experiments the output of bradykinin-forming enzyme was examined 
from the gland perfused with dextran-saline, and the results were essentially 
the same as those obtained when Locke’s solution was used. There was a small 
output from the resting gland, and after chorda stimulation the enzyme 
activity increased up to 20 times. 

Arterial infusion of acetylcholine. Previous experiments showed that the 
vasodilatation produced on injection of ACh into the arterial blood supply to 
the gland cannot be fully explained by a direct effect of ACh on the blood 
vessels of the gland, but must be attributed, at least in part, to the formation 
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within the gland of a relatively stable vasodilator substance (Hilton & Lewis, 
1955a). The present perfusion experiments have shown that activation of the 
gland by ACh, like activation by chorda stimulation, releases the bradykinin- 
forming enzyme. 

In preliminary experiments, it was found that 5-7-5y4g ACh infused over 
1 min gave secretory and vasodilator responses comparable with those of 
1 min maximal chorda stimulation. These doses of ACh were therefore used 
in the perfusion experiments; they caused an increase in the enzyme activity of 
the perfusate of the same order as that resulting from 1 min chorda stimula- 
tion (Figs. 3a, 6). 


Without atropine After atropine 
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Fig. 3. Output of bradykinin-forming enzyme from the submandibular salivary glands of four 
cats, perfused for 20 min, and activated either by 1 min chorda stimulation (a and c) or by 
infusion of 5g ACh (b and d). Perfusion experiments (a) and (b) were performed without 
atropine, (c) and (d) after an intravenous injection of atropine, 0-5 mg/kg. In each experiment, 
gland was perfused for 2 min, then perfusate was collected in 5 min periods, except for the 
3 min samples collected during and in the 2 min following activation. 


Activity of perfusate as bradykinin (ug/min) 


° 


This increase in enzyme activity results from a direct effect of ACh on the 
gland cells, and does not depend on stimulation of post-ganglionic neurones, 
for the increase also occurs when synaptic transmission has been abolished by 
hexamethonium. For instance, in one experiment, the gland was perfused 
with Locke’s solution containing hexamethonium bromide (300 ug/ml.), which 
abolished the effects of chorda stimulation. 5g ACh, infused over a period of 
1 min, actively stimulated salivary secretion, and caused a fourfold increase 
of enzyme activity in the perfusate. At the end of the experiment the continued 
effectiveness of the hexamethonium was shown by the fact that chorda 
stimulation still had no effect, whereas 5g ACh caused vigorous secretion. 
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Effect of atropine. It is known that in the submandibular salivary gland 
atropine abolishes both the secretory and vasodilator effects of injected ACh, 
whereas only the secretory effect of chorda stimulation is abolished, the vaso- 
dilatation being merely reduced. When the enzyme release was studied in 
perfused atropinized glands, it was found that chorda stimulation still pro- 
duced an increase in enzyme output, the stimulation: sample containing 
2-2-5 times the resting level of activity. On the other hand, ACh no longer 
caused an increase in the enzyme output of the gland. The results are illustrated 
by the experiments of Fig. 3c, d. In each case the atropine (0-5 mg/kg) was 
injected intravenously some time before perfusion was started. The increased 
enzyme output of the atropinized gland after chorda stimulation, although 
reduced, recalls Barcroft’s finding (1914) that the oxygen consumption of the 
atropinized gland is also increased after chorda stimulation, and that this 
increase is smaller than that of the normal gland. 


The role of the bradykinin-forming enzyme in the hyperaemia 
following sympathetic stimulation 

Experiments with normal blood circulation. Short periods of sympathetic 
stimulation produce in the submandibular salivary gland of the cat a small 
amount of secretion accompanied by vasoconstriction. When stimulation is 
ended, and occasionally even before, a vasodilatation develops, which is 
frequently large and prolonged. In Fig. 4A is seen a typical response to 
stimulation of the cervical sympathetic trunk for 20 sec, compared with that 
of chorda stimulation for 10sec. Arterial injections of noradrenaline and 
adrenaline produce the same type of secretory and vascular response as 
sympathetic stimulation. The vascular response to 1 zg noradrenaline is shown 
in Fig. 5A, The after-dilatation, which is such a prominent feature of these 
responses, cannot be attributed to reactive hyperaemia following the vaso- 
constriction because the vasodilator effect of a 20 sec period of circulatory 
arrest is so small as to be insignificant by comparison (Hilton & Lewis, 19552). 

Anti-adrenaline. drugs, which abolish the secretory effect of cervical sym- 
pathetic stimulation, adrenaline and noradrenaline, reverse the immediate 
vasoconstrictor effect and abolish the after-dilatation. As no anti-adrenaline 
drug has been found to antagonize the inhibitory vascular responses of 
sympathomimetic amines, this finding is consistent with the view that the 
prolonged after-dilatation is due to activation of the gland. 

In Fig. 4 the effect of 20 sec cervical sympathetic stimulation is seen, before 
and after an arterial injection of phentolamine. After the injection sym- 
pathetic stimulation no longer caused a secretion, and instead of an immediate 
vasoconstriction there was an immediate vasodilatation which, however, began 
to wear off even during the period of stimulation. When stimulation was main- 
tained for as long as 1 min, the blood flow had returned to normal before the 
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end of the period of stimulation. In Fig. 5 is seen the similar effect of the 
f-haloethylamine, SY 28, on the vascular response to noradrenaline, There is 
no longer any sign of an after-dilatation. On the other hand, the secretory and 
vasodilator responses to chorda stimulation were not abolished by the injections. 


cs 


Fig. 4. Cat, 3-4 kg. Records of venous outflow (Gaddum drop-timer) from the submandibular 
salivary gland, of salivary secretion and arterial blood pressure. Effect of 10 sec chorda 
stimulation (Ch) and of 20 sec cervical sympathetic stimulation (CS) (A) before and (B) after 
1 mg phentolamine injected arterially into the gland. 


In 1912 Barcroft & Piper arrived at the same conclusion, namely, that the 
prolonged after-dilatation is due to activation of the gland. They had found 
that following an injection of ergotamine all the actions of intravenously 
injected adrenaline were abolished, including the increase in oxygen-con- 
sumption which was normally obtained during the after-dilatation. 

Perfusion experiments. The following results show that the after-dilatation 
resulting from noradrenaline and adrenaline must be attributed to activation 
of the gland and to the release of bradykinin-forming enzyme. Preliminary 
experiments were first carried out which showed that 3-5 ug noradrenaline or 
adrenaline gave rise to secretory and vasodilator effects comparable with those 
of | min chorda stimulation. In the perfusion experiments these doses were 
infused over a period of 1 min, after resting samples of perfusate had been 
collected. The next sample was collected during and in the 2 min following the 
infusion, and further 5 min samples were collected subsequently. These infusions 
usually led to a large increase in the output of bradykinin-forming enzyme. 
However, unlike the experiments in which the gland was activated by chorda 
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stimulation, the greatest amount of enzyme activity was found in the third 
sample collected after the infusion. Since the first two samples were collected 
during the initial phase of vasoconstriction, the volumes were consequently 
very small and it was probably only during the third collection period after 
activation that the enzyme escaping from the gland cells was washed out by 


Venous outflow 
(drops/min) 


BP. (mm Hg) 
88 


} 


(drops/min) 


Venous outflow 


Ch NA 
Fig. 5. Cat, 2-8 kg. Records of venous outflow (Gaddum drop-timer) from the submandibular 
salivary gland and of arterial blood pressure. Effect of 10sec chorda stimulation (Ch) and 
arterial injection of 1 ug noradrenaline (NA), (A) before and (B) after 100 ug N-1 naphthy!- 
methyl-2-bromoethylamine HBr (SY 28) injected arterially into the gland. 


the perfusion fluid. A typical experiment is illustrated in Fig. 6 in which the 
increase in enzyme activity caused by an infusion of 5ug noradrenaline is 
compared with that caused by 1 min chorda stimulation. 

- The active sample of perfusate contained not only the bradykinin-forming 
enzyme but also a large amount of bradykinin itself, as judged by the stimu- 
lating action of the perfusate on the rat uterus without incubation. This effect 
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was not due to the noradrenaline in the perfusate for it was not antagonized 
by the anti-adrenaline 8-haloethylamine, SY 28; but, like that of bradykinin, 
the activity was destroyed by incubation with chymotrypsin. 

In the experiments with adrenaline a difficulty arose because of the inhibition 
of the contractions of the rat uterus which this amine causes, even in high 
dilution. As little as 0-01 ug adrenaline reduces the contractions of the rat 
uterus to bradykinin. Samples of perfusate collected after an infusion of 
adrenaline contained sufficient of the amine to prevent the estimation of 
enzyme activity in several experiments. When, however, the increase in 
enzyme release was very great, the active perfusate could be diluted about 
100 times, which made it possible to work below the threshold of the inhibitory 
action of the adrenaline in the sample. 


Activity of perfusate as 
bradykinin (4g/min) 
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. 6. Output of bradykinin-forming enzyme from cat’s submandibular salivary gland activated 

collected in 5 min periods except for the 3 min sample collected during and in the 2 min 
following activation. 

Fig. 7. Output of bradykinin -forming enzyme (upper histcgram) and percentage of injected 

a adrenaline recovered (lower histogram) from cat’s submandibular salivary gland activated 
(at Ad) by infusion of 6 ug adrenaline. The gland was perfused for 2 min then perfusate 
collected in 5 min periods except for the 3 min sample collected during and in the 2 min 
following activation. 
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The experiment illustrated in Fig. 7 shows the relationship between the 
output of enzyme caused by an infusion of 5g adrenaline and the distribution 
of the injected adrenaline in the samples of perfusate. The latter was estimated 
by its inhibitory action on the responses of the rat uterus to standard brady- 
kinin. The sample of perfusate collected during the infusion and in the 2 min 
following was of very small volume. It contained little adrenaline and only 
a small amount of enzyme. The next sample was still small but contained over 
50°% of the injected adrenaline; its enzyme activity therefore could not be 
assayed. In the subsequent sample about lg adrenaline was present; the 
sample was diluted 100 times before incubation with pseudoglobulin, and the 
enzyme activity could be estimated fairly accurately. The adrenaline content 
of later samples was small enough not to interfere with the estimation of their 
enzyme activity. 

DISCUSSION 
The present investigation shows that in whatever manner the perfused salivary 
gland is activated, whether by chorda stimulation or by infusion of acety!- 
choline or sympathomimetic amines, a large output of bradykinin-forming 
enzyme occurs. In addition, small amounts of the enzyme escape from the 
gland when it is at rest. 

Escape of bradykinin-forming enzyme from the resting perfused gland does 
not necessarily mean that this leakage occurs under normal conditions of 
circulation. When capillaries are perfused with isotonic saline solutions, they 
become abnormally permeable. Recently, Wilhelm, Miles & Mackay (1955) 
have separated from serum a permeability factor (Miles & Wilhelm, 1955) 
which is activated when serum is diluted with saline solutions. It follows that 
this permeability factor will be formed in the vessels of the gland, and perhaps 
in the interstitial fluid, in the course of perfusion experiments; and this may 
be the main reason why some of the enzyme leaks from the gland into the 
capillaries. On the other hand, under normal conditions of blood circulation 
even when the gland is stimulated, the active vasodilator material is apparently 
eliminated entirely via the lymph (Hilton & Lewis, 1955a, b). 

The increase in enzyme output resulting from activation of the perfused 
gland was found to persist for some time. In the gland with normal blood 
circulation the vasodilator effect of 1 min chorda stimulation lasts no more 
than 2 min at the outside, whereas in the perfusion experiments the output of 
enzyme was sometimes raised for 15 min. The prolonged time-course of 
enzyme release is probably another abnormal phenomenon resulting from 
the conditions prevailing during perfusion with salt solutions. 

The finding that atropine only reduces but does not abolish the increase in 
enzyme output following chorda stimulation also provides support for the 
view that bradykinin formation is responsible for functional vasodilatation in 
the gland; for atropine does not abolish the vasodilatation caused by chorda 
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stimulation. Bradykinin formation and the resulting vasodilatation must be 
attributed to increased glandular activity, since it is known that the atropinized 
gland is activated by chorda stimulation, although no secretion is produced. 
This was shown by Barcroft (1914) who measured oxygen consumption, and 
by Anrep & Cannan (1922) who studied glucose utilization. 

The effect of atropine on the response to ACh also shows interesting parallels 
with the results of earlier investigations. The vasodilatation produced by ACh 
as well as the increase in oxygen consumption of slices of the gland have long 
been known to be abolished by atropine (Deutsch & Raper, 1936; Brock, 
Druckrey & Herken, 1939). The present experiments show that the increase 
in enzyme output of the gland activated by ACh is likewise abolished by 
atropine. Vasodilatation, metabolic changes in the gland and output of 
bradykinin-forming enzyme all go hand in hand. These observations do not 
imply that ACh cannot relax the blood vessels of the gland by direct action, 
but that both the direct vasodilator effect of the injected drug and its stimulating 
action on the gland cells are abolished together. 

There is, therefore, no need to postulate the existence of special vasodilator 
nerve fibres in the chorda tympani. Even the remote possibility that there are 
nerve fibres which release bradykinin-forming enzyme can be discounted, since 
an infusion of ACh leads to increased release of enzyme equally well before or 
after ganglionic transmission has been abolished by hexamethonium. We con- 
clude that the enzyme arises from the gland cells themselves. The present 
findings, however, do not explain why, after atropine, chorda stimulation still 
causes activation of the gland leading to an increase in enzyme output and 
vasodilatation. 

The results obtained with sympathomimetic amines readily explain the 
after-dilatation following sympathetic stimulation. The origin of this after- 
dilatation has hitherto been obscure. Carlson (1907) suggested that it resulted 
from the action of sympathetic vasodilator nerve fibres, because he could 
obtain this effect in some animals without the preceding vasoconstriction 
which usually accompanies stimulation itself, and vasodilatation was seen, 
though rarely, without secretion. However, Barcroft & Piper (1912) showed 
that the oxygen-consumption of the gland stimulated by adrenaline increased 
in parallel with the increase in blood flow, and Emmelin’s experiments with 
anti-adrenaline substances (1955) showed that the secretion and vasodilatation 
always diminished or disappeared together. In our experiments also secretion 
and vasoconstriction followed by prolonged vasodilatation disappeared after 
phentolamine or the B-haloethylamine, SY 28. When the perfused gland was 
activated by infusion of sympathomimetic amines, a large output of brady- 
kinin-forming enzyme was found to occur. The effect of cervical sympathetic 
stimulation itself on the release of the enzyme could not be examined, because 
the sympathetic nerve supply to the gland was inevitably damaged in the. 
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course of the preparation for isolation of its arterial inflow. However, it would 
be difficult to accept that such an increase in enzyme output does not occur 
when the sympathomimetic amines are released as transmitters by the sym- 
pathetic nerve endings instead of being injected, and we conclude therefore 
that the after-dilatation following sympathetic stimulation is also the outcome 
of bradykinin formation. 

It is not possible to say for certain whether the bradykinin sometimes found 
in the perfusate after activation of the gland was formed in the interstitial 
spaces or in the perfusate. The largest amounts were found in those experiments 
in which the gland was activated by noradrenaline or adrenaline. The vaso- 
constriction produced by these amines brought the flow of perfusate almost to 
a standstill for several minutes, and it was when the perfusing fluid flowed 
freely again that the effluent was found to contain the large quantities of 
bradykinin. It therefore seems that whereas the released enzyme can usually 
pass freely into the perfusion stream, when it is held up in the gland it reacts 
with the substrate which is still retained; and it is also possible that the 
sympathomimetic amines assist this reaction by partly overcoming the 
increased capillary permeability, in this way allowing longer contact between 
the released enzyme and the substrate in the interstitial fluid. 


SUMMARY 


1. The release of bradykinin-forming enzyme from the submandibular 
salivary gland perfused with Locke’s solution has been studied in the cat. 
The enzyme activity of the perfusate has been assayed, after incubation with 
pseudoglobulin, against standard bradykinin on the isolated rat uterus. 

2. Small amounts of the enzyme escape from the perfused gland at rest. 

3. Activation of the perfused gland by chorda stimulation or infusion of 
acetylcholine leads to a 2-5-8-5 times increase in the output of bradykinin- 
forming enzyme. 

4. When the perfused gland is atropinized chorda stimulation still produces 
an increase in enzyme of 2-2-5 times, but an infusion of acetylcholine no 
longer has any effect. This accords well with the effects of atropine on the 
vasodilator and metabolic responses of the gland to chorda stimulation and 
acetylcholine. 

5. Activation of the perfused gland by noradrenaline and adrenaline also 
increases the output of bradykinin-forming enzyme. The after-dilatation seen 
in the gland with normal blood circulation, following sympathetic stimulation 
or injection of the sympathomimetic amines, is explained by the formation of 
bradykinin. 

6. It is concluded that however the gland is activated, by chorda or sym- 
pathetic stimulation or by infusions of acetylcholine or sympathomimetic 
amines, bradykinin-forming enzyme is released from the gland cells; and 
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further that the vasodilatation accompanying the glandular activity is pro- 
duced by the bradykinin which is formed. There is no need to postulate a 
separate vasodilator innervation. 
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THE EFFECTS OF 5-HYDROXYTRYPTAMINE ON HYPOTONIC 
HAEMOLYSIS, AND ON THE POTASSIUM LOSS FROM 
ERYTHROCYTES DURING COLD STORAGE — 


By V. R. PICKLES 
From the Department of Physiology, University of Sheffield 


(Received 12 July 1956) 


The many pharmacological effects of 5-hydroxytryptamine (5-HT) seem 
unlikely to depend on as many underlying physico-chemical actions. The 
working hypothesis that is being tested is that some of these effects may 
depend on a smaller number of physico-chemical actions on cell membranes, 
possibly expressible in terms of permeability to water and water-soluble 
substances. This was suggested by a similar hypothesis about the actions of 
indole-3-acetic acid in plants (Veldstra & Booij, 1949). If substantiated, it 
might help to solve the problem of the physiological function of 5-hydroxytrypt- 
amine. Experiments on beetroot cells, the plasma membranes of which are 
not wholly unlike those of animal cells, showed that 5-hydroxytryptamine and 
indole-3-acetic acid in concentrations of about 100yug/ml. allowed the red 
pigment to escape from the vacuoles much more rapidly than from untreated 
cells (Pickles & Sutcliffe, 1955). The active uptake of sodium from the medium, 
and to a smaller extent the passive loss of potassium, were reversibly inhibited, 
without significant effect on the rate of oxygen consumption. 

In the present experiments human erythrocytes, either during cold storage 
or during hypotonic haemolysis, have been chosen as test objects. It is not 
supposed that hydroxytryptamine necessarily has any physiological effect on 
erythrocytes (though Stacey (1956) has recently shown that they absorb 
hydroxytryptamine against a concentration gradient); but the systems are 
comparatively simple and well known, and the erythrocyte membrane is not 
highly specialized. The rates of release of haemoglobin and of potassium from 
the cells under various conditions have been measured. It is concluded that 
allowing the cells to absorb hydroxytryptamine tends to diminish their 
potassium loss and usually accelerates their hypotonic haemolysis; and that 
the second effect may possibly result from the first. 
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METHODS 


Human venous blood was routinely drawn into a siliconed syringe containing 0-3 ml. heparin 
solution (6000 u./ml.) to 10 ml. blood, and thereafter handled at room temperature in siliconed 
glassware. It was first oxygenated with room air, and the erythrocytes were washed three times 
and finally resuspended in a phosphate-buffered NaCl solution consisting of NaCl 8-51 g, Na, HPO, 
1-65 g, NaH,PO, 0-52 g, and glass-distilled water to 1 1., adjusted if necessary to pH 7-2. The pH of 
this buffered solution was not detectably altered by the addition of 5-HT in the concentrations 
used. Dilutions of this solution in glass-distilled water were used for the hypotonic haemolysis. 


Fig. 1. The mizing end experiments on hypotonic 
haemolysis. For description see text. 


Apparatus 

In the main series of experiments, hypotonic haemolysis took place in the apparatus illustrated 
in Fig. 1, The main part of the apparatus is made of Pyrex glass, except for the stirrer which is of 
stainless steel. In use, the mixing chamber a is first filled with 29 ml. of hypotonic saline at room 
temperature (20-23° C) to the level shown. The erythrocyte suspension is drawn up via the intake 
b into the pipette c, which is calibrated in terms of the volumes delivered from it. The required 
volume (usually 0-5 ml.) is then allowed to run down slowly into the delivery tube d where it is 
arrested by turning tap e. The stirrer f stirs the hypotonic saline rapidly and smoothly; the 
feathering of the blades is such that the hypotonic saline is driven upwards in the centre of the 
chamber, its surface remaining approximately flat although it is rotating rapidly. By squeezing 
the sphygmomanometer bulb g, the cell suspension can be quickly ejected from d into the hypo- 
tonic saline, and haemolysis begins. Four taps A, h are provided (two only being shown in the 
diagram), and by turning these in order, at intervals of a second or more, samples of the suspension 
as it is being lysed are sucked off into the centrifuge tubes i, which have been put into position as 
indicated and partially evacuated via the connexion j. Each centrifuge tube normally contains 
2 ml. of 3% NaCl solution, which mixes with the hypotonic medium of the suspension and brings 
it to approximate isotonicity. The unlysed cells and ghosts are separated as rapidly as possible 
from the supernatant. 
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The four levels to which the surface of the hypotonic saline is brought as the four taps h are 
opened in succession are illustrated. The pressure changes in the mixing chamber are recorded 
by means of the tambour k, so that the events may be accurately timed. Fig. 2A illustrates the 
first part of such a record, as first the cell suspension is injected and then the first two samples are 
withdrawn. Slow-motion cinematography has confirmed that the mixing of the suspension with 
the hypotonic saline is apparently complete within 0-4 seo (Fig. 2 B-F) and that each withdrawal 
takes about 0-6 sec. The events are timed from the beginnings of the corresponding deflexions on 
the record, and are reckoned to the nearest 0-1 sec. 


Frame 2 


F Frame 28 


Fig. 2. A, tracing of the first part of a kymograph record made with the mixing and sampling 
apparatus. B~F, tracings of frames from a cine-film taken at 64 frames/sec, showing the 
erythrocyte suspension mixing into the saline (in this instance 0-9 % NaCl was used). 


Parts omitted for simplicity from the diagram include: two of the four sampling units and 


further centrifuge tubes, all with ground-glass joints; a tap-funnel for filling the mixing chamber; 


ground-glass joints to enable the apparatus to be dismantled readily for cleaning; a thermometer 
in the mixing chamber; kymograph, stirrer-motor and supports. 


Retimati 

The haemoglobin in the supernatant fluids was estimated colorimetrically by comparison with 
a series of known dilutions. The unlysed precipitates were completely lysed by being diluted with 
distilled water, frozen, thawed and further diluted, and their haemoglobin was estimated in the 
same way. The potassium was determined by flame photometry, by comparison with standards 
containing approximately the same quantity of potassium and sodium as the unknown. The 
potassium content of the sodium salts used in making up the solutions was measured and allowed 
for. From these figures the percentage of the total haemoglobin and potassium that was released 
from the cells of each specimen by exposure to a measured period of hypotonicity was evaluated. 
A similar analysis was usually made of a specimen in which isotonic instead of hypotonic saline 
had been used, as a measure of the potassium and haemoglobin losses from the cells before exposure 
to the hypotonic medium; these values are quoted as at ‘0 sec’ at the beginning of haemolysis. 


Controls 


The following facts have been checked by direct experiments which will not be described in full. 
(1) The normal rate of stirring in the mixing chamber does not iteelf cause any appreciable 
haemolysis, although extremely rapid stirring may do so, (2) The withdrawal of samples by 
suction into the centrifuge tubes likewise itself causes no haemolysis. (3) A very slow liberation 
of haemoglobin continues for at least 20 min after the hypotonic sample has been mixed into the 
hypertonic saline, but unless this continued haemolysis is much more rapid during the first 2 min 
(the least time in which the samples can be centrifuged) no significant error is likely to arise from 
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this cause. (4) No evidence has been found of any similar slow liberation of potassium after 
isotonicity has been restored. This question, however, is discussed later. 

In the experiments on cold-storage, the suspensions were stored at about 5° C in stoppered 
siliconed tubes and the cells were resuspended by gentle shaking once or twice daily. 


RESULTS 
Hypotonic haemolysis 
The general type of result obtained is illustrated in Fig. 3. In this experiment 
erythrocytes not pre-treated with hydroxytryptamine were lysed in 0-35% 
saline (i.e. phosphate-buffered saline isotonic with 0-35°% NaCl) or in 0-30% 
saline. The time scale used in Fig. 3B and D is such that the distance from the 
origin to the point representing time ¢ sec is proportional to (1 —e--%?#), 


0 2 4, 6, 8 10 12600 
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Seconds Seconds 


Fig. 3. Results of lysing an erythrocyte suspension, pre-treated with neither hydroxytryptamine 
nor creatinine, in a buffered saline isotonic with 0-35% NaCl (A, B) or 0-30% NaCi (C, D). 
Graphs B and D show the same results as A and C, plotted on different scales. @--®, 
potassium release; O—O, haemoglobin release. 

This formula is derived from no theoretical considerations, but is found 

empirically to give approximately straight lines in plotting the percentage 

haemolysis. Similarly, the scale of haemolysis used in Fig. 3B and D, in 
which the amount of haemoglobin or potassium liberated by any shorter 
duration of exposure to hypotonicity is expressed as a fraction of that liberated 
by 10 min exposure, is again used for its graphical convenience, as the resulting 
line is not greatly affected by differences in the lysing tonicity within the 
range used. 

The effect of pre-treating the erythrocytes with hydroxytryptamine 
creatinine sulphate, or with the equivalent creatinine alone, is shown in 
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Fig. 4. In these twelve consecutive experiments the substances were added 
to the cell suspensions to give concentrations of 0-1—1-0 mm, and the suspen- 
sions were then allowed to stand at room temperature (20—23° C) for 3 hr 
before the hypotonic haemolysis. The various concentrations used within this 
range do not give significantly different effects. In Fig. 4A (controls), the 
points are seen to be distributed roughly around the empirical straight line. 
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Fig. 4. Haemoglobin release in twelve consecutive experiments in which the erythrocytes were 
pre-treated with hydroxytryptamine creatinine sulphate (B) or the equivalent creatinine (A). 
The scales are as in Fig. 3B, D. One type of symbol is used for each experiment; each 
experiment is represented by 2, 3 or 4 points on each graph. The symbols down the right- 
hand border of each graph show the percentage of the total haemoglobin in the suspension 
released by 10 min exposure to the hypotonic medium. The initial concentrations of hydroxy- 
tryptamine creatinine sulphate or of the control creatinine in the cell suspension are: @, O, 
1 mM; 8, ©, 0, 0-9 mu; y, A, A, 0-6 mm; +, x, 04mm; ©, O, 0-1 mm. 


The curved line in Fig. 4B represents the time course that would be obtained 
if any particular degree of haemolysis were reached at a time equal to two- 
thirds of that indicated by the straight line of Fig. 4A. These lines are included 
simply to afford a rough indication of the degree of acceleration of haemolysis 
caused by the hydroxytryptamine. When each point on Fig. 4A is compared 
with the corresponding point on Fig. 4B, the difference between the two sets 
of points can be shown by the ‘t’ test to be significant (P <0-05). The final 
degree of haemolysis caused by 10 min exposure to the hypotonic medium is 
shown by the symbols down the right-hand border of each graph. There is no 
significant difference between the hydroxytryptamine-pre-treated and the 
control cells. 

Fig. 5 shows a similar record of the potassium liberation. This differs in 
three ways from the haemoglobin liberation shown in Fig. 4: the percentage 
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of the intracellular potassium liberated by 10 min exposure to the lysing 
solution is greater; the fraction of this percentage liberated by any shorter 
exposure is greater; and the difference between the control and the hydroxy- 
tryptamine-pre-treated cells is less. ; 
The relationship between the potassium release and the haemoglobin release 
in these experiments is shown in Fig. 6. When in any single experiment, such as 
that shown in Fig. 6A, the percentage of the total intracellular potassium 
released is plotted against the corresponding percentage haemoglobin release, 
the resulting points for either the hydroxytryptamine or the control cells lie 
approximately along a straight line, up to about 30% haemoglobin release. 
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Fig. 5. As Fig. 4, but showing the potassium release in the same experiments. No potassium 
estimations were made in the experiment shown in Fig. 4 by @. The broken lines are fitted 
by eye and have gradients 1-58 and 1-75 times that of the straight line in Fig. 4A. 


Such lines invariably have gradients well above 1; that is, for every 1% of the 
haemoglobin released more than 1 %, of the intracellular potassium is released. 
In preparing Fig. 6, such a line has first been drawn through the points 
representing lysis of the control cells in each one of the twelve experiments 
shown in Figs. 4 and 5. The gradients of these lines average 2-0 (range 1-3-2-4). 
Fig. 6B shows that the points representing the potassium and haemoglobin 
release from the hydroxytryptamine cells lie significantly (P < 0-05) below the 
corresponding points for the control cells. That is, although the potassium 
release is always proportionately greater than the haemoglobin release, the 
potassium release from the hydroxytryptamine cells is relatively retarded, or 
the haemoglobin release is relatively accelerated, in comparison with the 
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control cells. The difference appears to be maintained throughout the whole 
of the range of lysis plotted; the smaller number of points available above this 
range show a wider variation and no significant conclusions can be drawn from 
them. 


Fig. 6. A: single experiment, showing % K release plotted against % Hb release; solid symbols, 
hydroxytryptamine cells; open symbols, ‘control’ cells. The reference line is drawn to give 
a good fit with the ‘control’ points. B: results of all twelve experiments shown in Figs. 4and 5. 
The deviations of the individual points from the reference lines (A % K), drawn for each 
experiment separately as in A, are plotted against the % Hb release; above, ‘control’ points; 
below, ‘hydroxytryptamine’ points. The broken line shows the calculated regression of the 
A % K on % Hb. 


Some additional measurements, the significance of which is discussed later, 
were made in four experiments. In addition to the normal procedures, separate 
lots of the erythrocyte suspensions were allowed to take up hydroxytryptamine 
(with the usual controls) under conditions identical with the usual ones except 
that during this period the suspending medium was hypotonic (equivalent to 
NaCl 0-45 %) instead of isotonic. This degree of hypotonicity brought the cells 
to the beginning of haemolysis. They were restored to isotonicity before being 
put through the usual test. 

The results are summarized in Table 1. The general effect of the hypotonic 
pre-treatment, in comparison with the normal, was to cause a little more 
haemoglobin and potassium loss during the pre-treatment, to diminish the 
final (10 min) degree of haemolytic loss of both substances, and to prevent the 
acceleration of haemolysis by hydroxytryptamine. , 


Potassium and haemoglobin losses on cold-storage 
In nine experiments the cell suspensions were allowed to take up hydroxy- 
tryptamine from initial concentrations of 0-1-1 mm and then were cold-stored 
for periods of 1-5 days, and the potassium losses from the cells were compared 
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with those from appropriate (creatinine) controls. If the potassium loss from 
the latter is taken as 100, the mean loss by the hydroxytryptamine-pre-treated 
cells was 97 + 1-8 (s.D. of the individual values). The difference is significant. 
In all but one instance the very slight loss of haemoglobin that also occurred 
on cold-storage was smaller from the hydroxytryptamine cells than from the 
controls. In proportion to the total intracellular content, the haemoglobin 
loss was considerably smaller than the potassium loss. 


Tasie 1. The effects of pre-treating the erythrocytes in a hypotonic medium in comparison with 
the normal, as described in the text. The values below are the means of four experiments. 
HT +, 0-9 mm hydroxytryptamine creatinine sulphate initially; HT —, equivalent creatinine 
only. 10 min haemolysis (Hb) or (K) = % of total Hb or intracellular K liberated by 10 min 
exposure to hypotonicity. 10 sec fraction =fraction of 10 min haemolysis caused by 10 sec 
exposure to hypotonicity 


Pre-treating solution 
Hypotonic, H 

+ - HT + HT - 
Hb loss d pre- 1-2 12 10 ll 
K loss d -treatment, 2-9 3-0 2-4 2-7 
10 min haemolysis (Hb), % 18 18 22 22 
10 min haemolysis (K), % 33 40 40 
10 sec (Hb) 0-55* 0-53 0-66 0-54 
10 sec fraction (K) 0-48 0-62 0-58 


* This mean includes one unusually high value (0-84). When this experiment is omitted the 
values on this line become 0-46, 0-53, 0-65 and 0-52. 
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Fig. 7. Hypotonic haemolysis of cells pre-treated with tryptamine 1 mm (A, (A) or of control 
cells with no addition (@, ©). Open symbols represent K release and solid symbols Hb 
release. The time scale is as in previous figures. 


Effects of other substances 

Tryptamine. Tryptamine (1 mm initial concentration) did not propor- 
tionately accelerate haemolysis although it tended to increase the fragility of 
the erythrocytes (Fig. 7). On cold-storage the potassium loss was increased 
(to 113% of the control in this instance) and the slight haemoglobin loss was 
not significantly affected. 

Lysergic acid diethylamide added to the cell suspension in approximately 
half the molecular concentration of the hydroxytryptamine appeared to 
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inhibit the accelerating effect of the latter on hypotonic asiihete (Table 2). 
There was no significant effect when the initial concentration of the lysergic 
acid diethylamide was only 1/133 of that of the hydroxytryptamine. 


TaBiE 2, Effects of adding lysergic acid diethylamide (LSD + ), in the concentrations shown, to 


the erythrocyte suspension 15 min before the addition of the hydroxytryptamine creatinine 
sulphate (HT) or the equivalent creatinine only. ‘A 5-sec fraction’ amount by which the 
‘5-seo fraction’ of hydroxytryptamine cells is greater than that of the control cells; the 
‘5-sec fraction’ being the percentage haemolysis resulting from 5 sec exposure to the hypotonic 
medium, divided by the percentage haemolysis after 10 min similar exposure 


Expt. 1 Expt. 2 Expt. 3 


Concentration of LSD (um) 3 55 55 
Concentration of HT (um) 400 100 100 
A 5-seo fraction (LSD — ) 0-13 0-09 0-15 
A 5-sec fraction (LSD +) 0-11 0-00 0-05 
DISCUSSION 
Interpretation of the measurements 


At first sight it might appear that Figs. 3-7 represented the actual time course 
of the haemolysis. This is not quite true; the results would represent the 
precise time course only if the haemolysis stopped immediately and com- 
pletely in each sample when it was withdrawn into the hypertonic saline. 
It is known that a slow liberation of haemoglobin continues after the cells 
have been restored to their normal tonicity, but no evidence has been found of 
any similar liberation of potassium. Unless the continued loss of haemoglobin 
is much more rapid in the first two minutes, after the sample has been taken 
but before the cells can be separated in the centrifuge, it is likely that the graphs 
representing haemoglobin release genuinely show the time course of the lysis. 
The question of the potassium loss is more difficult, because it is possible that 
some cells may become cation permeable without losing their haemoglobin, 
and remaining so when they are restored to normal tonicity may lose much of 
their potassium during the first two minutes. Davson & Ponder (1938) showed 
that ‘ghosts’ are highly cation-permeable in similar circumstances. 

Nevertheless, the following considerations suggest that at least part of the 
potassium loss precedes the haemoglobin loss in time. 

(1) It is well known that at certain tonicities erythrocytes lose potassium 
without losing appreciable quantities of haemoglobin. This fact has been 
confirmed and the largest amount of this prolytic loss has been estimated as 
about 4% of the total intracellular potassium. It is unlikely that this prolytic 
loss would cease in all the erythrocytes as soon as the most fragile of them 
began to lose haemoglobin. A quantitative analysis of the haemoglobin and 
potassium losses of cells exposed to various tonicities throughout the whole 
range has been made; and it fits the assumption that the cells become 
potassium-leaky when their internal tonicity is greater, by the equivalent 
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of about 0-02% of NaCl, than the tonicity necessary to make them haemo- 
globin-leaky. This implies that during rapid hypotonic haemolysis the cells 
become potassium-leaky before (in time) they become haemoglobin-leaky. 

- (2) When as in Fig. 8B the potassium released by comparatively long 
exposure to hypotonicity is plotted against the corresponding haemoglobin 
release, the resulting line has a gradient not much greater than unity. But 
if, as in Fig. 8.A, a similar graph is drawn showing the effects of short exposure 
to lower tonicities, the line has a much steeper slope. Brief exposure to low 
tonicity is relatively more effective in releasing potassium than haemoglobin 
because some at least of the potassium is released before the haemoglobin. 


i j i i i 
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Fig. 8. Comparison of (A) the effects of 10 sec exposure of erythrocytes to very hypotonic solutions 
with (B) the effects of 20 min exposure to less hypotonic solutions. The solid and open symbols 
of one type represent points determined in one experiment, and do not refer to the experiments 
represented by the same symbols in other figures. The regression lines are not calculated. 


These two arguments suggest that the results as given approximate to the 
true time courses of the potassium and haemoglobin losses. But even if they 
do not, it is unlikely that the general conclusions about the effects of hydroxy- 
tryptamine would be invalidated; for it has been found that the difference 
between the lysis of the hydroxytryptamine-pre-treated cells and the controls 
_ tends to decrease rather than to increase if the unavoidable 2 min of delay 
after the sampling is prolonged. If the delay could be eliminated altogether, 
it is likely that the apparent acceleration of the lysis by the hydroxytryptamine 
would be increased rather than decreased. 


Significance of the results 
eA suspension of erythrocytes that have taken up hydroxytryptamine is 
in solution than is a control suspension. This 
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acceleration of haemolysis is shown particularly by the haemoglobin release 
and to a smaller extent by the potassium release, so that the relation between 
the haemoglobin loss and the potassium loss is altered. Similarly, hydroxy- 
tryptamine-treated cells lose potassium less rapidly on cold-storage, and the 
slight haemoglobin release is also diminished. 

These facts may be qualitatively accounted for as follows. If an iiithtoyte 
in hypotonic solution loses some of its potassium before it begins to lose 
haemoglobin, then the simple osmotic theory of haemolysis must be modified 
(there are other well-known reasons for believing this), One would expect the 
erythrocyte to swell rapidly until it became cation permeable, and then more 
slowly until it disrupted. If the hydroxytryptamine diminished the perme- 
ability of the cell membrane to cations, or at least to potassium, the result 
would be to continue the initial rapid phase of the swelling in hypotonic 
solution, with the observed effects on the rates of haemoglobin and potassium 
release. The diminution in potassium loss on cold-storage needs no separate 
explanation; and if the small haemoglobin loss on cold-storage results from 
the cells becoming more cation permeable, then the diminution in this 
haemoglobin release would follow. A generally disruptive effect of the hydroxy- 
tryptamine on the cell membrane, facilitating loss of the haemoglobin, is not 
excluded; but it seems less likely both from the results of cold-storage and 
from the fact that under the present experimental conditions no evidence has 
ever been found that hydroxytryptamine has itself any haemolytic effect. 
This theory is somewhat similar to that proposed to account for the effects of 
hydroxytryptamine and other substances on beet cell membranes (Pickles & 
Sutcliffe, 1955). 

The results of the four special suparimente summarized in Table 1 are 
compatible with the theory. During pre-treatment in the hypotonic medium, 
the cells swell, and although they are restored to their normal tonicity before 
the test of hypotonic haemolysis it may be supposed that some effect of the 
previous strain remains. The cells are seen to have lost more of their potassium 
during the pre-treatment than have the control cells, and it is possible that 
during hypotonic haemolysis they become potassium permeable more rapidly 
than do the controls. Either or both of these effects would account for the 
slowing and decrease in the extent of haemolysis in the hypotonic solution. 
The absence of effect of hydroxytryptamine on the hypotonically-pre-treated 
cells suggests that the mechanism on which the hydroxytryptamine acts, 
namely the potassium leakage, has already been interfered with. 


Possible application of the results to other tissues 
The one plant and one animal cell type on which experiments of this general 
nature have so far been made have been chosen entirely for their practical 
convenience. It is not supposed that hydroxytryptamine necessarily has any 
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physiological action on erythrocytes; but the results raise the question—to be 
answered by further experiment—whether hydroxytryptamine may have the 
same type of effect on other cells. Broadly, the effect may be described as 
a selective alteration in cell-membrane permeability. One such effect of hydroxy- 
tryptamine is well known: the stimulation of plain muscle and nerve by 
hydroxytryptamine is presumably followed by the same changes in cation 
permeability as those that follow other modes of stimulation. These changes 
are primarily increases rather than decreases in cation permeability; but this 
does not disprove the general hypothesis, since (1) the first effect is on sodium 
permeability, about which the present experiments give no information; and 
(2) there is no evidence that the hydroxytryptamine in the mammalian brain 
acts physiologically as a stimulant or transmitter. It is equally plausible (and 
quite conjectural) that it plays some part, as the adrenocortical hormones may 
do, in the maintenance of the normal intracellular potassium content. 

A possible objection to these conjectures may be that the hydroxytryptamine 
has been used in concentrations (0-1-1 mm) which are much greater than those 
in which the substance has its well-known pharmacological effects. Againt this 
it may be argued that the local concentration in the membrane or other part 
of the cell is alone of physiological importance, and this remains unknown in 
all cases; Stacey’s findings (1956) suggest that at least the lower concentrations 
used here are within the physiological capacity of the erythrocytes to absorb 
hydroxytryptamine against a concentration gradient; and one would not 
expect to be able to demonstrate a general effect very sensitively on a cell 
type on which the substance in question has probably no physiological effect. 
Any value in these experiments lies rather in the general hypothesis that they 
support. 


SUMMARY 

1. A mixing and sampling apparatus is described. 

2. By means of this, the time courses of the release of both haemoglobin 
and potassium from erythrocytes during and after hypotonic haemolysis have 
been studied. 

3. The potassium release under these conditions is always proportionately 
greater than the haemoglobin release. Evidence is given that the former in 
part precedes the latter. 

4. Pre-treating the erythrocytes with hydroxytryptamine accelerates their 
subsequent hypotonic haemolysis as shown by the haemoglobin release, but 
diminishes the amount of potassium lost in proportion to the haemoglobin. 

5. Hydroxytryptamine-pre-treated erythrocytes lose potassium moreslowly 
on cold-storage than do controls. 

6. Tryptamine in similar concentrations does not have either of these 
effects. 
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7. Lysergic acid diethylamide inhibits the effect of hydroxytryptamine in 

accelerating: hypotonic haemolysis when it is present in the suspension in 
approximately the same concentration as the hydroxytryptamine. 
- 8. It is postulated that these effects, together with others described 
previously, may be explained by a selective alteration in cell-membrane 
permeability and that this may be relevant to the problem of the physio- 
logical functions of hydroxytryptamine. 

I wish to thank Dr H. Davson for some helpful comments, and Professor D. H. Smyth for his 
advice during the preparation of the manuscript. The glass apparatus was made by Mr J. W. 
Hadfield and the stirrer by Mr C. Stewart and Mr F. Ross, and the experiments were done with 
the technical assistance of Miss P. Hopkinson. 
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THE DYNAMICS OF THE EFFECT OF POTASSIUM 
ON FROG’S MUSCLE 


By A. CSAPO* ann D. R. WILKIEt 
From the Institute for Muscle Research, Woods Hole, Mass., U.S.A. 


(Received 9 July 1956) 


Potassium ion has very important actions on muscle (see Kahn & Sandow, 
1952, for references). The large difference between its concentration inside 
and that outside the cell (combined with the low permeability of the cell 
membrane to sodium) is the source of the resting potential; this behaves more 
or less as a diffusion potential should when the external potassium concentra- 
tion is varied (see, for example, Gerard & Jenerick, 1953). 

If the external potassium concentration is raised above 8 mm from its usual 
value of 1-2 mm, potassium enters the cell against the concentration gradient 
(see Kahn & Sandow, 1952, p. 103). Under the same conditions the resting 
metabolic rate increases, reaching at about 20 mm a new high level which may 
be twenty times its normal value. In concentrations above about 9 mm the 
muscle becomes reversibly inexcitable (Overton, 1904; Duliére & Horton, 
1929). This loss of ability to generate a propagated action potential occurs 
when the resting potential is reduced below a critical level of about 57 mV 
(Gerard & Jenerick, 1953). The muscle can, however, still contract locally in 
the region where a stimulus is applied. Raising the external potassium con- 
centration has therefore been used, for example by Sten-Knudsen (1954), to 
block propagation in order to study local responses. It is quite likely that the 
two response peaks already reported in uterine muscle (Csapo, 1954; Csapo & 
Goodall, 1954) correspond to propagated and local responses respectively. 

The loss of excitability is supposed to be effected at the surface of the fibres, 
80 its time course should be determined by diffusion of potassium into the 
spaces between the muscle fibres. However, preliminary experiments by one 

\of us (A.C. in collaboration with P. Nordquist), indicated that the time course 
Was rather slow. This suggested that the loss of response might be associated 
|With some factor other than loss of excitability, e.g. penetration of potassium 
| * Guggenheim Fellow 1954-1955; present address: Rockefeller Institute, New York. 
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ions inside the fibres, where they might have a direct action on the contractile 
actomyosin, which is known to be very sensitive to its ionic environment; 
and that his neglect of this factor might shed some doubt on Sten-Knudsen’s 
results. 

The following experiments were undertaken to find out whether diffusion 
could account for the observed time course of the potassium effect and to 
repeat on the sartorius Sten-Knudsen’s experiments with longitudinal and 
transverse stimulation. 

METHODS 
All experiments were performed during the months of July and August, on sartorii from Rana 
pipiens bathed in fresh Ringer’s fluid composed of NaCl 111 mm, KCl 1-34 mm, CaCl, 3-6 ma, 
NaHCO, 11-9 ma, phosphate buffer 1-7 mm, bubbled with 3% CO, in O,, giving a pH of 7-2. 

In some experiments it was inconvenient to provide 3% CO,, so these were performed in 
areated phosphate Ringer’s solution (NaCl 115-3 mm; KCl 2-0 mm; CaCl, 3-6 mm; phosphate 
buffer pH 7-4, 1 mm). There was no evidence that this made any difference to the results obtained. 
High-potassium Ringer's solution was made by adding an appropriate amount of 1 or 2% KCl to 
the muscle bath. The change in effective osmotic pressure which resulted (see Boyle & Conway, 
1941) was always small. 

The muscle was mounted horizontally in a square chamber of methacrylate polymer (Lucite) 
(5 x5 x 20m deep) which had platinum plate electrodes covering two opposite internal walls. 
The electrodes and chamber were sufficiently large compared with the muscle for the electric 
field set up to be reasonably uniform and parallel; and the chamber could be rotated through 90° 
so that this field could be applied to the muscle transversely or longitudinally as required. The 
arrangements for fixing the muscle were made with as small a frontal area as possible in order that 
they should not ‘shadow’ the muscle. The pelvic end was held in a thin J-shaped glass hook with 
a slot about 1 mm wide and 6 mm long. The pelvic end of the muscle just fitted this slot and was 
prevented from pulling through by a small piece of its cartilaginous origin; the remainder of the 
pelvis was cut away. The tibial end of the muscle was tied to a thin and flat Lucite lever which 
transmitted the tension to a Grass strain gauge, no. FT 10, whose output was recorded on paper by 
a Grass ink writer, type IIL D (response flat to 70 o/s). 

When required, the diaphasic action potential could be recorded by lowering the square chamber 
out of the way and raising an array of four platinum wires into contact with the muscle. The pair 
at the pelvic (nerve-free) end of the muscle were used for stimulating, the third was earthed and 
the fourth taken to the pre-amplifier, The wires were spaced 4, 15, 25 mm respectively from the 
one at the pelvic end. Square 0-5 msec pulses from a Grass stimulator type S4.A were used in the 
routine tests for the presence of propagation. 

The stimulus. Some preliminary experiments were made using a small muscle chamber and 
single square-pulse stimuli, The resulting twitch responses showed essentially the effect described 
by Kahn & Sandow (1952), that in Ringer’s solution containing a raised concentration of potassium, 
the decline in response was preceded by a phase in which the twitch was augmented. Records 
of tetani under corresponding conditions show only a steady decline. This suggests that the 
potassium may be acting to prolong the active state temporarily in the same way as do some other 
ions (see Kahn & Sandow, 1950; Ritchie, 1954; Hill & Macpherson, 1954). In order to eliminate 
this variable all our experiments were made with tetanic stimulation. The stimulator used was 
that employed by Csapo (1954) and Csapo & Goodall (1954), which consists essentially of a 
variable auto-transformer supplied by the house mains and delivers sinusoidal current at 60 c/s. 
In some experiments we were able to use sine waves of other frequencies derived from a 10 W 
gramophone amplifier. Sinusoidal stimulation of nerve was used, for example, by Coppée (1934) 
and by Hill, Katz & Solandt (1936); and the mathematical theory involved was worked out by 
Hill (1935) as a special case of his accommodation theory. 
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Mains current was used as a stimulus for muscle in the pioneer experiments of Hartree & Hill 
(1921) and in those of Winton (1937); our experience is that 50 or 60 o/s current is a suitable and 
very convenient stimulus for frog’s striated muscle. Maximal, fused and well-maintained tetani 
are obtained at all temperatures from 0 to 25° C and the muscles survive extremely well. The 
electrical power required to tetanize is about the same as that required when square pulses of 
duration 1 msec are used; it amounts to only about 3% of the heat rate produced by the muscle 
itself at 0° C. Each half-cycle sete off a propagated disturbance in the region which is temporarily 
acting as cathode. The resulting diphasic action potential is small and spread out, either because 
fibres at different distances from the electrodes are not fired off synchronously by the slowly 
rising current, or because individual fibres show multiple responses. 

After propagation has been blocked by KCl, procaine, etc., alternating currents can still 
produce massive local responses (Katz & Lou, 1947), but for this purpose a high field strength 
is required (4-6 V/cm (r.m.s.) according to Sten-Knudsen, 1954 and private communication). 
Preliminary experiments showed that 1 V/cm (r.m.s.) would give maximal tetani in the con- 
ducting muscle (not curarized) without producing appreciable local response in the blocked one. 
With a stimulus of this strength, mechanical response and action potential disappear at the same 
moment during the course of potassium depolarization. 


RESULTS 
The dynamics of the action of potassium on the propagated response 
When the potassium level in the Ringer’s solution is less than about 9 mm, 
propagation is never completely blocked. (Kahn & Sandow (1952) also find 
a value between 7-2 and 9-8 mm.) Above 9 mm the block comes on more and 
more quickly the higher the potassium concentration, as shown in Fig. 1. 


112 mm 145 mm 


Minutes 
Fig. 1. The effect of various concentrations of potassium on a frog’s sartorius (34 mm long, 93 mg) 
at 228°C, Ordinate, tetanic tension in grams; abscissa, time in min since beginning of 
experiment. Stimulus: 1 V/cm (r.m.s.), 60 c/s, 0-5 sec; full line, longitudinal, broken line, 
transverse, The same muscle was used throughout the experiment, but there was a break in 
recording from 170th to 240th minute. 
32-2 
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The effect of potassium is almost completely reversible on replacing normal 
Ringer’s solution so long as the muscle has not been fatigued by tetanizing it 
too frequently. In no case could we detect any contracture, though a tension 
of 1 g wt. could have been easily seen. This confirms previous findings (see 
Solandt, 1936; Sandow, 1955). 

According to Gerard & Jenerick (1953), muscle fibres cease to conduct 
impulses when their resting potential falls below about 57 mV (summer frogs). 
The external potassium concentration required to depolarize the muscle to 
this extent varies with the calcium concentration. Their Fig. 1 shows the 
relation between membrane potential and potassium concentration for 1-3 mm 
and for 10-4 mm calcium. Interpolating logarithmically for the 3-6 mm in our 
Ringer’s solution, 57 mV resting potential should be obtained for almost 
exactly 9 mm of potassium, thus checking with our and with Sandow’s obser- 
vations of mechanical response. Moreover, under normal conditions the change 
in membrane potential in superficial fibres follows the change in potassium 
concentration without appreciable delay (see Gerard & Jenerick, 1953, p. 83; 
Sandow & Mandel, 1951, p. 283); this is to be expected if the membrane 
potential is simply a diffusion potential. When the potassium concentration 
around any given fibre is less than 9 mM, impulses can be conducted normally, 
leading to twitches or tetanic responses. When the potassium concentration 
surrounding the fibre is greater than this, only local responses can be 
obtained. 

The simplest hypothesis to account for the curves in Fig. 1 is that the 
potassium simply acts at the surface of the muscle fibres; and that the dynamics 
of its effect are determined by diffusion of potassium into and out of the 
muscle interspaces. The fractional tension developed by the muscle would then 
indicate in what fraction of the muscle the potassium concentration was still 
below the critical level of 9mm. This hypothesis can be tested by finding 
whether the eight experimental curves of onset and recovery shown in Fig. 1 
correspond with a theoretical calculation based on diffusion. 

The theoretical calculation uses the equation given by Hill (1928) for 
diffusion into an infinite plane sheet. This represents the flat sartorius closely 
enough for practical purposes. If the concentration of any substance in the 
fluid bathing the muscle is suddenly changed from zero to y,, the concentration 
in the muscle interspaces will rise eventually to the same value. At any given 
time ¢ after the sudden change, the fractional concentration y/y, at a depth 
z below the surface of the muscle is given by 


y|Yo= 1 — (4/7) sin (727/2b) sin +ete.], (1) 


where k is the diffusion constant, 2b the thickness of the muscle. Fortunately 
the series is rapidly convergent, and except at the very beginning it is. safe 
to neglect all terms except the first. 
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Then, rearranging equation (1), 

(kn*/46*)t = log, [(4/27) sin (arx/2b)/(1 — y/yo)].- (2) 

For each curve of Fig. 1 let us measure the time, qT, min, for the tension to fall 
to 50 % of its original value (onset) or to rise to 50% of its final value (recovery). 
At each such point half the muscle must have more than 9 mm and the other 
half less than 9 ma in its interspaces; i.e. when t= 7, , x= $b if y/yp corresponds 
to 9 mm. The appropriate values of y/y, may be easily calculated in each case 
from the experimental conditions. Let the potassium content of the test 


solution = _M mm. The potassium content of our normal Ringer’s solution was 
1-3 mm. Then, during onset of effect, 


y=9-1:3, 
and during recovery y=M-9, y=M-—1:3; 


from which it is clear that if one plots experimental values of 7, (abscissae) 


against log, [0-900/(1—y/y,)] (ordinates), one should obtain a straight line 
through the origin whose slope = km?/4b?. 


x 


x 


log, [0-9 (1 -y/yo)] 


10 20 30 50 
Half-time (min) 
Fig. 2. Abscissa, experimental values of 7’; in min, taken from Fig. 1; ordinate, log, [0-9/(1 — y/y,)] 
calculated from the experimental conditions, as described in text; from the data of Fig. 1, 
omitting the final treatment with 14-5 mm-K. x, onset; + recovery. 


Fig. 2 shows that the experimental values do fit in reasonably well with the 
hypothesis. The slope of the line is 0-054 min-!, and taking 2b=0-08 cm, this 
gives k=0-58 x 10-* om? sec-. 

The upright and diagonal crosses in Fig. 2 are fairly evenly distributed about 
the line. This provides further confirmation that 9 mm is the critical potassium 
concentration, for an error in this choice would have shifted the onset and 
recovery points in opposite directions. Kahn & Sandow (1952) have made 
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a somewhat similar calculation, but it was concerned only with the mean 
potassium level inside the muscle, while it is in reality the distribution of 
potassium levels which determines how large a fraction of the muscle is still 
active. This may in part account for their conclusion (their p. 109) that changes 
in the mechanical response could not result from the changes in resting potential. 

The value for the diffusion constant of potassium in the muscle interspaces 
which is indicated by this calculation is very small, 0-58 x 10-* cm* sec", 
compared with the value 3-5-4-3x10-* cm® sec’ calculated by Hill & 
Macpherson (1954) from Harris’s (1952) measurements of radio-potassium 
efflux; and this higher value is supported by its similarity to the diffusion 
constant of iodide and sodium (Harris & Burn, 1949; Keynes, 1954) and by 
a geometrical argument (Hill & Macpherson, 1954), Sandow & Mandel (1951) 
give values 1-0-1-7 x 10-* cm* sec-4, based on a study of the kinetics of 
depolarization by potassium. Their method of calculation involved only the 
mean potassium concentration, which sheds some doubt on the accuracy of 
their estimate. 

How is this discrepancy to be explained? Consider what happens if potassium 
enters the fibres. It can only do so from the neighbouring interspaces. Thus 
part of the potassium which enters any given interspace will not serve to raise 
the potassium concentration there. This will reduce the effective diffusion 
constant; for 


k=[local rate of increase of concentration, dy/dt]/[d*y/da*] 


at any given depth z. Our test solutions all contained more potassium than 
the maintenance level (about 8 mm, Kahn & Sandow, 1952), so potassium 
must have entered the fibres and thus reduced the apparent diffusion constant. 
In order to calculate how large this reduction may be it is necessary to know 
the relation between potassium entry and local potassium concentration. 
According to Boyle & Conway (1941, Fig. 5) the relation is simply that if the 
external potassium concentration is raised by Ay, the internal potassium 
concentration also increases by Ay. If this condition applies also in our 
muscles, and is followed with reasonable speed, the effect will be to reduce the 
effective diffusion constant to the fraction. 


(volume of interspace)/(total volume of muscle)=0-15. 


This agrees remarkably well with the ratio of our diffusion constant to Hill & 
Macpherson’s mean value, i.e. 0-58/3-9=0-149. The closeness of this agreement 
must, of course, be largely fortuitous; for many uncertainties are involved in 
the calculation. However, it shows that the experimental facts are quite 
compatible with the view that. potassium is acting at the surface of the fibres 
and that the dynamics of its action are determined by diffusion through the 
interspaces, the diffusion itself being slowed down by entry of potassium into 
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the fibres. Even if the potassium moves instantly between interspace and 
fibre, the movement of potassium into, or out of, the whole muscle will still 
be quite slow; with an effective diffusion constant of 0-58 x 10-* the ‘time 
constant’ of potassium movement will be 15-6 min (half-time 9-2 min; the 
function is not exactly exponential). These times can be most easily calculated 
from Hill’s (1928) Fig. 5. 


The theory outlined above can then be further tested by showing experimentally whether 
potassium does in fact move into the whole muscle with this predicted time course, in sufficient 
amount to raise the concentration in the whole muscle by Ay when the external concentration 
is increased by Ay. Any additional slow potassium entry will not upset the theory because it will 
not appreciably alter the potassium concentration in the interspaces, i.e. at the fibre surface. 

Experiments with radioactive tracers are often somewhat difficult to interpret because one 
cannot easily separate the effect of net movement of potassium from that of mixing between intra- 
and extracellular potassium. Harris’s (1953) experiments on the sartorius showed that there was 
a phase of potassium entry with a time constant (his a) of about 20 min, but that the amount of 
potassium entering (his A) was only about half that required for our theory (2-3 times the amount 
in the extracellular space instead of about 6 times), Carey & Conway (1954) have also found 
a phase of potassium entry with a time constant of 12-20 min, during which the count ratio 
(counting rate per gram muscle/counting rate per gram solution) rises to 0-6—1-3 (see their figs. 3, 
4 and 5A, which relate to chloride-Ringer’s solution). This is in better accord with our theory, 
which predicts a count ratio for this phase of 1-0. 

The movement of potassium in muscle thus appears to follow three fairly distinct phases: 

(1) Movement into or out of the interspaces, with a time constant of about 2 min. This can only 
be observed if media with high (e.g. 120mm) potassium are used to reduce the effective participation 
of intracellular potassium (Harris, 1952); and it leads to the ‘interspace’ diffusion constant 
(4 x 10-* cm* sec~") discussed above. 

(2) In ordinary chloride media, initial entry into the whole muscle is much slower, with a time 
constant of about 15 min. This, we believe, is associated with rapid net entry of potassium into 
the cells under the conditions of our experiments, and leads to a reduction of the effective diffusion 
constant. 

(3) Finally there is a slow phase of mixing between intra- and extra-muscular potassium with 
a time constant that varies between 2 and 17hr. It is noteworthy that in Keynes’s (1954) 
measurements on the small toe muscle only the third phase is to be seen, présumably because in 
this preparation the second phase is too quick for observation. 


Local responses 

When the potassium concentration in any given region is greater than 9 mm, 
the muscle fibres in that region can no longer propagate impulses and show 
twitch responses. However, a fibre can still respond by a local contraction if 
its membrane is further depolarized by applying a negative electric pulse (see 
e.g. Gerard & Jenerick, 1953). A similar depolarization can be produced by 
applying alternating current (Katz & Lou, 1947; Sten-Knudsen, 1954). The 
advantage of using alternating current is that there is no electrolysis (which 
damages the muscle), and quite reproducible results are obtained with field 
strengths up to 6 V/cm (r.m.s.). By using massive electrodes, a large fraction 
of the muscle can be activated at once in this way, with tension development 
amounting to 80% of the tetanic tension (Sten-Knudsen, 1954), in the extensor 
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digiti IV of the frog. In later experiments (private communication, 1955), 
he gets as much as 92%, under optimal conditions (1000 c/s, 6 V/cm (r.m.s.).) 
This large tension development shows that there can have been no substantial 
interference with the contractile actomyosin inside the fibres. 

Our experiments on sartorius give roughly the same result as Sten-Knudsen’s. 
We too find, Fig. 3, that there is an optimal frequency of about 1000 c/s and 
that a transverse field is much more effective than a longitudinal one, especially 
if the frequency is optimal. Unfortunately we were unable for technical 
reasons to produce a field strength greater than 4 V/cm (r.m.s.), so our maximal 
tension is only 76% of the tetanic tension. Sten-Knudsen finds a similar value 
(72%) with this field strength, so the difference between the muscles in their 
bulk and in the diameter of their fibres cannot much alter their sensitivity. 


60 200 500 1000 2000 60 c/s 

Fig. 3. Contractions of non-propagating frog’s sartorius (80 mg, 30 mm long) at 25° C. Ordinate, 
tension developed, grams; abscissa, time, min. Stimulus, sinusoidal field, 4 V/cm (r.m.s.) 
between massive electrodes, 0-5 sec duration; frequency, 60, 200, 500, 1000, 2000, 60 c/s as 
indicated, applied first longitudinally (L), then transversely (T). Conduction blocked by long 
soaking in 11-2 mm potassium. The dotted line shows the tension developed by the same 
muscle in a maximal tetanus. 


Dynamics of onset. With external potassium concentrations of 11-20 mm 
the size of the ‘local’ response to 6V/cm (r.m.s.) settles down to its final value 
fairly soon after the disappearance of the propagated response. This final value 
is not quite steady; it declines slowly, falling to 50% in about 3 hr. With more 
than 20 mm potassium in the Ringer’s solution the decline is much more 
rapid, so that fairly soon no response at all can be obtained. With 20 mu 
potassium the membrane potential must be about 40 mV. The threshold for 
local responses increases with increasing depolarization (Gerard & Jenerick, 
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1953), so presumably 6 V/cm (r.m.s.) is about equal to the threshold when the 
membrane potential is 40 mV. The potassium concentration at which local 
contractions disappear is thus quite arbitrary. By using strong shocks Gerard 
& Jenerick (1953) were able to elicit responses even with a membrane potential 
of 20-30 mV (see also Katz & Lou, 1947). . 

The rate at which the local response disappears increases sharply as the 
potassium concentration is raised above 20 mm. This suggests that once again 
we are concerned with a threshold membrane effect whose time course is 
determined by diffusion. The very slow decline found with potassium con- 
centrations between 11 and 20 mm can hardly be a diffusion effect. Possibly 
in this case the potassium which penetrates the fibres has a direct action on 
their contractile mechanism; an alternative suggested by Professor A. V. Hill 
is that under these conditions the resting metabolic rate might rise so much 
that the interior of the muscle became seriously anoxic. 

‘Local’ contractions of the whole muscle deserve further study since they 
provide a way of studying contraction in the absence of an action potential. 
It would be particularly interesting to see in what way the duration of the 
active state is related to the duration of the stimulus. 

Although a field of 6 V/cm (r.m.s.) does not of itself lead to irreversible 
reduction of the mechanical response, a muscle regularly stimulated in this 
way for some time seems to be in an altered condition. It does appear to be 
unduly sensitive to oxygen lack (Katz, personal communication, found this 
also, in 1947) and on replacing normal Ringer’s solution recovery is delayed, 
particularly at low temperature. 


The effect of temperature on the action of potassium 

We have suggested above that potassium probably acts on the surface of 
the muscle fibre, and that the time course of its action is determined by 
diffusion through the interspaces combined with entry into the cells. We 
thought it might be interesting to study the time course of the action of 
potassium at low temperature, which was done by removing the whole 
apparatus to a cold room at 2° C. This procedure ensures that there is no risk 
of even a brief exposure to a higher temperature when the muscle is removed 
from its bath in order to test for the presence of an action potential. This is an 
important consideration, as will appear later. 

The experiment was performed in exactly the same way as before, though 
mostly we confined our attention to the propagated response (1 V/cm (r.m.s.), 
60 c/s) and to 24mm potassium. The result is surprising, as shown in Fig. 4, The 
onset of effectis hardly altered, but recovery is very much slower than at the higher 
temperature. (Compare with the 24 mm curve in Fig. 1.) The size of the action 
potential runs roughly parallel with that of the mechanical response. If the 
muscle is left for a period to soak in the potassium-rich solution, there is an 
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almost equal period of delay before recovery begins (Fig. 4B). However, the 
rate of recovery is about the same as it was before. 

If the temperature of the muscle is suddenly raised by refilling the electrode 
chamber with warm Ringer’s solution, recovery is extremely rapid. If the 
temperature is lowered again, tension development falls but not to its original 
value, and it can be increased and decreased at will by altering the temperature ; 
ie. the tetanic tension has a fairly large temperature coefficient. This will be 
dealt with in more detail later: the important point here is that the change on 
first warming the muscle is of a different kind, reflecting a process which 
happens only once and is not reversed by lowering the temperature again. 
The effect is seen just as clearly in a muscle depolarized at room temperature 
and then transferred to cold normal Ringer’s solution for recovery. 


25° 26° 
A 24mm = 


120 
Minutes 


Fig. 4. Effect of 24 mm potassium on frog’s sartorius at 2° C except where otherwise indicated. 
Ordinate, tension developed (grams); abscissa, time, min. Stimulus: 0-5 sec tetanus, 1 V/cm 
(r.m.s.) 60 c/s, longitudinal. A, short exposure: muscle 30 mm long, 75 mg; B, long exposure: 
muscle 34 mm long, 119 mg. 


The extreme slowing at low temperature of recovery from the effect of 
potassium has nothing to do with the particular conditions of our experiment. 
The effect is shown equally well if the muscle is stimulated with single shocks 
only a little above the original threshold strength, or by the strong (6 V/cm 
(r.m.8.)) alternating field required to elicit local responses: and it has been 
found in R. temporaria in London (October and April) as well as in R. pipiens 
at Woods Hole (July and August). The result is not at all easy to explain: 

(1) It cannot arise simply from the temperature coefficient of diffusion, 
for this is known to be small (Q,. approx. 1-3, Hill & Macpherson, 1954, p. 100) 
compared with that of the rate of recovery (Q,. approx. 3, calculated from 
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Figs. 1 and 4). Moreover, a slowing of diffusion at low temperature would 
affect onset and recovery almost equally. 

(2) It might be that the potassium which enters the fibres from the potassium- 
rich solution can leave again only with difficulty if the temperature is low. 
This could account for the result if the high internal potassium interfered with 
the contractile process in some way. [f it is true there should be only a slight 
efflux of potassium in the cold, and a sudden large increase when the cold 
muscle is warmed. 

(3) Taking the opposite view, it might be that potassium leaks out of the 
muscle fibres very freely in the cold after they have been depolarized. This 
could maintain the potassium level in the interspaces at such a high level—in 
spite of the loss at the surface of the muscle—that contraction was prevented, 
as in the experiments of Duliére & Horton (1929). However, recovery on 
raising the temperature could hardly be as quick as is shown in Fig. 4 for even 
if potassium efflux from the fibres stopped instantly and completely, the 
excess potassium in the interspaces would take an appreciable time to diffuse 
away. The almost instantaneous recovery on raising the temperature suggests 
strongly that the potassium concentration in the interspaces is already the 
same as that of the normal Ringer’s solution in the bath, unless there is a 
barrier to diffusion beyond the excitable membrane, similar to the one 
described by Frankenhaeuser & Hodgkin (1956) in the isolated squid axon. 
This could maintain a difference in potassium concentration between the 
excitable membrane and the interstitial fluid, but it would have to be 
temperature-sensitive. 

(4) It might be that in spite of having a normal (or raised) ratio of (potassium 
inside) : (potassium outside), the normal resting potential is not at once set up. 
This could happen if the membrane itself had to be reconstituted by some 
metabolic process after having been altered by depolarization. These possible 
explanations came to mind; but we may well not have thought of the correct 
one. The following experiments on ion movements and resting potentials shed 
some light on the question. 

Potassium and sodium efflux. Measurements of **K efflux were made under 
conditions which imitated those of our other experiments. 


Both sartorii were dissected from a frog (R. temporaria, November) and separated by splitting 
the pelvis carefully with a razor blade. The muscles were mounted separately on bent glass tubes 
by means of which they could be easily transferred from one test-tube to another. Both were 
soaked for 40 min at 20° C in Ringer's solution containing 15 mm-K, part of which was radio- 
active, They were then transferred to tubes containing normal Ringer’s solution, in each of which 
they were left for 10 min. The efflux during each 10 min period was estimated by measuring the 
activity of the soaking fluid. The two muscles were treated in exactly the same way except that 
the right one was kept at 20° C and the left one at 0° C in a vacuum flask. At the end of the 
experiment the muscles were returned to radioactive 15 mm-K and soaked for 2} hr; then the 
whole experiment was repeated except that now the left muscle was at 20° C, the right at 0° C. 
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The result is shown in Fig. 5. It is clear that the two muscles are behaving 
in roughly the same way and that the total amount of potassium efflux has 
not been much increased by the prolonged soaking in 15 mm potassium which 
preceded experiment B. Potassium is lost slightly more slowly from the 
cold muscle than from the warm one, the Q,, for the process being roughly 
1-1 (mean 0-20° C). However, the efflux does not merely show a temperature 
coefficient; for when the cold muscle is warmed to 20° C its efflux is 25-50% 
greater than that of its companion, also at 20°C. Fig. 5B shows this effect 
even when the muscle is warmed up for a second time. This is a somewhat 
complicated result, but at least it is clear that hypotheses (2) and (3) above 
cannot be true—potassium leaves the cold muscle almost as easily as it leaves 
the warm one (2): potassium is not leaking continuously and excessively from 
the cold muscle (3). 


~----- 20°C, right ~----- 20°C, left 
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Fig. 5. Potassium efflux into Ringer’s fluid from a pair of sartorii (30 mm, 90 mg each) previously 
soaked in 15 mm potassium. Ordinate, rate of efflux, counts/min per min, corrected for 
decay; abscissa, time. Solid lines, 0° C; broken lines, 20° C: A, left muscle cold, right 
muscle warm; B, right muscle cold, left muscle warm; the temperature of the cold muscle 
was raised to 20° C during the periods indicated. 


A similar experiment was performed on a pair of muscles which had been 
soaked in Ringer’s fluid containing “Na and 24 mm potassium. The sodium 
efflux was observed during recovery in normal Ringer’s solution at 0° and 
20° C. Once again there was a temperature coefficient for the efflux of about 
1-1 but no sudden change on warming the cold muscle to parallel its sudden 
recovery of excitability. 

Depolarization potentials, Hypothesis (4) proposes that recovery from 
potassium depolarization is slowed down at low temperature. We have 
investigated this question by measuring depolarization potentials on a whole 
sartorius employing the double Perspex chamber shown in Fig. 6 (inset). 
The partition, 3 mm _— is pierced by a narrow slot through which the 
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muscle is drawn. Electrical leaks around the muscle were reduced to a mini- 
mum by careful application of petroleum jelly. Both pools originally contained 
Ringer’s fluid, but in one of them (usually the pelvic) potassium-rich solution 
was substituted as required. The potential difference between the pools was 
measured with a Leeds and Northrup 7666 pH meter used as a millivoltmeter. 
The remarkable stability of this instrument permits one to estimate accurately 
to within a millivolt in spite of a rather close scale. Connexion was made to the 
chamber by Ag-AgCl electrodes through long Ringer-agar bridges so that the 
electrodes did not participate in the temperature changes imposed on the 
chamber. The experiments at low temperature were carried out in a cold room. 


15+ 24 me 


0 60 120 180 


Fig. 6. Depolarization potentials in 24 mm potassium at 25° C. Ordinate, potential, mV; abscissa, 
time, min. Two independent experiments are indicated by upright and diagonal crosses. The 
full lines are calculated as described in the text for the mean of the whole muscle (slow rate of 
change) and for the outer one-fifth only (rapid rate of change). The experimental curves have 
been broken and shifted so that they coincide at the onset of recovery. 


Inset, diagram of the experimental arrangement. 


9 


The result of two such experiments at 25° C is shown in Fig. 6. The curves 
are similar in shape, size and time scale to those of Sandow & Mandel (1951) 
and they show the same asymmetry between onset and recovery. We were 
interested in them for two reasons: (1) whether they could be accounted for 
theoretically by the theory put forward above, i.e. that potassium concentra- 
tion in the interspaces determines the membrane potential but that its rate of 
change within the muscle is limited by the small effective diffusion constant; 
(2) if theoretical limits could be set to the experimental curves it would then 
be possible to decide whether repolarization was indeed delayed at low tempera- 
tures as suggested in hypothesis (4). 

The theoretical calculation is made difficult by the fact that fibres inside 
the musele are shunted to an unknown extent by the interspaces and by other 
fibres, which reduces their contribution to the measured potential. Sandow & 
Mandel (1951) have considered this problem but they give no details of their 
reasoning. Their own method of calculation consisted in finding the mean 
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potassium level throughout the muscle at any given moment, using the graph 
given by Hill (1928, Fig. 5), then converting this to millivolts depolarization. 
In order to understand what is going on it is better to calculate the depolariza- 
tion potential at different depths in the muscle at each instant, then to combine 
these figures as a separate operation; for one can then vary this combining 
operation in accordance with a variety of hypotheses about the shunting 
situation in order to see which hypothesis fits best with the experimental facts. 

The calculation follows the method given by Hill & Macpherson (1954) who 
divided the muscle thickness into ten equal zones. Their table 1 (p. 98) then 
gives the mean concentration in each zone at various times after changing the 
concentration at the surface. In the case of potassium one can then use the 
equation derived from Gerard & Jenerick (1953): 


membrane potential = 93 — 43 log (mm-K/1-34) 


to calculate the depolarization in each zone. The problem remains of com- 
bining these figures for the ten zones, Fig. 6 illustrates two of the possible ways 
of doing this which may be regarded as limiting cases: one line shows the mean 
for all zones, i.e. the assumption is made that all zones contribute equally; 
while the other line is calculated on the assumption that the measured potential! 
is determined by the outermost zones (1 and 10) only. In both cases there is 
marked asymmetry between onset and recovery, similar to that seen experi- 
mentally. One could make the ‘mean’ curve fit the experimental curve of 
onset by increasing the diffusion constant about four times, but this asym- 
metry would then be largely lost. 

This method of calculating sheds doubt on the accuracy of Sandow & 
Mandel’s (1951) determination of the diffusion constant of potassium, for the 
answer obtained by their method depends entirely on what arbitrary assump- 
tion is made about shunting inside the muscle. 

At low temperature the onset of depolarization is somewhat slowed—in 
Fig. 7 to about two-thirds for a temperature difference of 23° C, This corre- 
sponds to @ Qj of 1-2, which is in reasonable accord with the value 1-3 given 
by Hill & Macpherson (1954). However, recovery from depolarization is very 
much slower at the low temperature, corresponding to a Q,, of about 2-5. This 
is almost as large as the value (Q,,=3) calculated above from tension records. 
If the recovering muscle is suddenly warmed, the potential drops suddenly. 
The subsequent recovery follows the same time course as though the process 
had been determined from the beginning by diffusion. 

This result strongly supports the hypothesis (4) that at low temperature and 
after potassium depolarization the membrane potential does not immediately 
assume the value appropriate to the difference in potassium concentration 
across it. The membrane immediately regains this property on warming. 
Thereafter the potential is determined by diffusion into the interspaces. 
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The temperature coefficient of tetanic tension. It has been mentioned above 
in connexion with Fig. 4 that tetanic tension has a temperature coefficient 
(Qyy = 1:2-1-3) which is large compared with the value 1-1 which can be calcu- 
lated from Hill’s (1951) experiments over a similar temperature range. (The 
familiar Qj) notation is used here because it provides a convenient way of 
comparing results over slightly different temperature ranges. However, the 
temperature coefficient of tetanic tension is very different at different tem- 
peratures, so the mean Q,, values given here must be used with caution.) 
It seemed worth while to investigate the point further since there has been 
disagreement about it (Dr Albert Szent-Gyérgyi, personal communication). 


20-25°C 
24 mm 


20 
3 
19 3 3 
18 
245k! 
16 
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Time (min) Temperature (°C) 
Fig. 7 Fig. 8 


Fig. 7. Depolarization potentials in 24 mm potassium at 2° C. Ordinate, potential, mV; abscissa, 
time, min. The full line is an experimental curve. Where indicated, the temperature was 
suddenly raised to 20-25° C. The broken line is the mean of the two experimental recovery 
curves of Fig. 6, corrected appropriately for temperature. 

Fig. 8. The variation in tetanic tension with temperature (R. pipiens). Ordinate, log,, tetanic 
tension, grams. Abscissa, temperature, °C. Crosses are experimental points. The numbers 
indicate the order in which the observations were made. 


The experimental technique was made as much like Hill’s as possible. The 
muscle was stimulated on a multi-electrode assembly (Hill, 1949) by supra- 
maximal rectangular pulses which were altered so as to be optimal at each 
temperature. Thus at 0° C the muscle was given a 2 sec tetanus of 4 msec 
pulses at 25/sec. Both durations were halved, and the frequency doubled, 
for each 10° C rise in temperature. 

The result is shown in Fig. 8 from which can be calculated a mean Q,, of 
about 1:3 for the temperature range 0-24° C considered by Hill. It appears 
therefore that there must be a genuine difference in this respect between 
American R. pipiens (July and August) and English R. temporaria. Hajdu & 
O’Sullivan (1951) have investigated the same question, using R. pipiens. Their 
curve is a different shape from Fig. 8 and hardly rose at all above 10° C though 
it was on linear co-ordinates. Possibly their stimulus frequency (32/sec) was 
not high enough at the higher temperatures. 
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DISCUSSION 


The time course of the action of potassium in blocking the propagated action 
potential of frog’s sartorius has been accounted for over quite a wide range 
of applied potassium concentrations by a theory based on the following three 
assumptions: 

(1) That conduction in any given fibre is blocked when the potassium 
concentration around it reaches a threshold value, approximately 9 ma. 

(2) That potassium ion diffuses into the interspaces with about the same 
diffusion constant (about 4 x 10-* cm? sec-") as other univalent ions. 

(3) That potassium ion enters the cell in such a way that there is a fixed 
difference between its concentration inside and outside the cell; and that this 
equilibrium condition is reached by each fibre fairly quickly. 

The situation is thus one of diffusion with entry of the type dealt with by 
Harris & Burn (1949). However, we suppose the cell permeability to be very 
large (i.e. local equilibrium quickly reached). The observed slowness of the 
whole process is then explained quite satisfactorily by the way in which local 
potassium storage is known to vary with local potassium concentration. 

Our experiments on the non-propagating muscle give essentially the same 
result as those of Sten-Knudsen (1954), i.e. that sinusoidal stimulation at 
1000 c/s, 4 V/cm (r.m.s.) is much more effective with a transverse than with 
a longitudinal field. However, we were not able to examine this phenomenon 
over the full range of possible potassium concentrations, field strengths and 
frequencies, so one of us (A.C.) is continuing to work on this topic. Preliminary 
experiments by the other (D.R.W.) indicate that the mechanical properties 
of the muscle in massive ‘local’ contractions are similar to those of normal 
propagating muscle. 

The delay in recovery from the effects of potassium which we observe at 
low temperature is particularly interesting because it cannot easily be explained. 
It is not certain whether it is the membrane potential or the action-potential- 
generating mechanism which fails to recover; the experiments on depolariza- 
tion potentials suggest the former. However, further study of this phenomenon 
must yield interesting results; for in spite of having the proper ratio between 
potassium concentration outside and that inside the fibre, either (a) the 
appropriate resting potential is not set up; or (6) even though the appro- 
priate resting potential is present, no propagated action potential can be 
generated. 

The dramatic recovery which follows even a brief period of warming suggests 
that after depolarization the membrane has to be reconstituted by some 
metabolic process with a large temperature coefficient. Once it has been 

‘reconstituted’ in this way the membrane is ble to function in a perfectly 
satisfactory way, even at low temperature. 
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Our experiments have not extended over a long enough period for us to 
assess the effect of the seasonal variations in potassium sensitivity described 
by Solandt (1936) and Gerard & Jenerick (1953). However, further experi- 
ments on delayed recovery at low temperature (J. R. Hill and Wilkie, un- 
published) indicate that there is a sudden change more or less coinciding with 
the breeding season in April. Immediately after this time a higher concentra- 
tion of potassium must be used (25-30 mm instead of 15-25 mm) in order to 
elicit the effect. By the middle of June the muscles seem to have regained 
their former sensitivity. Far more striking is the effect of raising the potassium 
concentration in the recovery Ringer’s solution to 6mm. This prevents 
recovery indefinitely at 0° C, but even after many hours the muscle returns to 
full activity promptly on warming. 


SUMMARY 


1. The time course of the action of potassium in blocking propagation in 
frog’s sartorius can be satisfactorily explained by diffusion into interspaces 
combined with entry of potassium into the cells. 

2. The ‘local’ response elicited in the blocked muscle by an alternating 
field is greater for transverse than for longitudinal stimulation under the 
conditions of our experiments. 

3. At low temperature recovery from the effects of potassium is very slow. 
A brief period of warming leads to sudden and dramatic recovery; after this 
the muscle functions normally, even at low temperature. Several possible 
explanations for this phenomenon are examined, leading to experiments on 
potassium efflux and depolarization potentials. 


The authors are most grateful to Dr Albert Szent-Gyérgyi for his generous hospitality and for 
the benefit of discussions; they appreciate the interest and helpfulness of other members of the 
Institute for Muscle Research, and wish to thank Dr E. J. Harris for his help, especially with the 
isotope experiments. 
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THE COMPOSITION OF LIPID FROM JEJUNAL CONTENTS OF 
THE DOG AFTER A FATTY MEAL 
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University of Durham, Newcastle wpon Tyne, 1 


(Received 23 May 1956) 


It is generally accepted that lipase splits fat to some extent in the intestine, 
but the degree of lipolysis is still uncertain. It has been suggested (Frazer, 
1946) that not more than 30%, of the total fatty acid is liberated in the intes- 
tine and that no glycerol is formed: and it was also maintained that more than 
60%, of ingested fat is absorbed as unsplit triglyceride in the form of particles 
of less than 0-5 in diameter, stabilized as an emulsion by monoglyceride, fatty 
acid and bile salts. The evidence adduced in support of these contentions was 
largely indirect, being based on 1m vitro studies of lipolysis, on the composition 
of fat from the intestinal contents of rats after fat administration, on im vitro 
studies of emulsification and on changes in chylomicron counts in blood during 
fat absorption. 

In vitro studies on lipolysis have been carried out by Desnuelle who sum- 
marized (1951) the results obtained by his group. They found that at pH 8 
the extent of fat hydrolysis by pancreatic extracts was low, except in the pre- 
sence of calcium salts and of large amounts of bile, when hydrolysis proceeded 
to completion. Borgstrém (1952) used as a source of lipase a physiological 
mixture of bile and pancreatic juice obtained by cannulating the duodenal 
papilla of the rat and subsequently adjusted to pH 6-5, Added corn oil was 
rapidly hydrolysed, 50°% of the fatty acid being liberated in 3 hr and 70% 
in 6 hr. 

Many workers on fat digestion have analysed the fat obtained from intes- 
tinal contents of animals killed after having been fed with olive oil by stomach 
tube. Desnuelle & Constantin (1952) found 16-24% fatty acid, Borgstrém 
(1952) found 37 and 43% and Mattson, Benedict, Martin & Beck (1952) 
15-25% in fat from rats killed 3 hr after feeding on olive oil. In similar 
experiments with dogs Desnuelle & Constantin (1952) found 17% fatty acid 


3 hr after feeding and 49 % after 5 hr. 
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residue of fat in the intestine and can provide little evidence as to the degree of 
lipolysis of absorbed material. 

Blankenhorn & Ahrens (1955) used a continuous aspiration technique to 
obtain jejunal contents throughout the whole period of fat digestion in humans. 
They found that 58 and 60%, of the fat isolated was fatty acid. This method 
of collection provides more valuable evidence as to events in the intestine than 
the collection of intestinal contents at a fixed time interval after fat feeding. 

Several workers have fed rats on fats labelled in the fatty acid and/or 
glycerol part of the molecule, collected lymph and deduced the amount of 
lipolysis which had taken place in the intestine from distribution of labelled 
material in the fat isolated from lymph. Favarger, Collet & Cherbuliez (1951) 
deduced that the maximum hydrolysis varied between 12 and 45%. Reiser, 
Bryson, Carr & Kuiken (1952) claimed that 25-45% of triglyceride is com- 
pletely hydrolysed to glycerol, the remaining 55-75% being hydrolysed to 
monoglyceride: this is equivalent to 75-80 %, of the fatty acid being liberated. 
Bernhard, Wagner & Ritzel (1952) also found that 24-53 % of the glycerol of 
triglyceride eaten must have been liberated during digestion. Borgstrém 
(1954a) has shown that di- and triglycerides can be synthesized from mono- 
glyceride during digestion, a finding which throws some doubt on the validity 
of deductions from this type of experiment. Bergstrém, Borgstrém & Carlsten 
(1945) showed, by feeding labelled fat to cats, that extensive hydrolysis of fat 
takes place. No direct observations have been made on the chemical composi- 
tion of highly emulsified fat in intestinal contents, although Bergstrém & 
Borgstrém (1953), in their review, conclude that ‘it seems rather unlikely that 
any globules of unchanged triglyceride. ..should pass through the mucosal 
cell. . .in the rat’. 

We have tried to obtain as nearly as possible normal intestinal contents from 
a conscious dog and have used this material to find the amount of lipolysis 
which can take place in vitro. We have also separated the highly emulsified fat 
particles from the intestinal contents and report their composition. 


METHODS 
The general method used was to obtain intestinal (upper jejunal) contents from dogs with jejunal 
fistulae after feeding with meals containing olive oil. Considerable care was taken to ensure that 
the animals ate the food willingly so that as far as possible normal conditions of digestion and 
secretion obtained. The pH of the intestinal contents was determined and in most cases speci- 
mens were examined under dark ground illumination for fat particles. The intestinal contents 
action. The fat was extracted and analysed chemically. 


Animals 
Two mongrel terrier bitches were prepared with jejunal fistulae of the Mann-Bollman type 
(Mann & Bollman, 1931). In the first animal (B) (wt. 10 kg) the jejunum was divided about 10 cm 
below the junction with the duodenum, and the upper section was anastomosed to the lower 
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segment about 12 cm further down. The free end of the lower segment was then closed and sewn 
to the muscle of the abdominal wall: the fistula was opened 5 days later. In the second animal (A) 
(wt. 12 kg) @ fistula was made by removing 12 cm of jejunum from a point 40 cm below the 
duodeno-jejunal junction and anastomosing the distal end of the segment with the jejunum 12 cm 
below the duodeno-jejunal junction: the proximal end was sewn to an incision in the abdominal 
wall. Both animals made rapid recoveries, the first maintaining its weight for 44 months, while the 
second animal’s weight rose from 12 to 13 kg during 3 months. 

Maintenance. The animals were fed on a dried milk diet for 4 days after operation, and there- 
after on a normal meat diet. Despite the direction of peristalsis being away from the fistula, 
leakage occurred in both animals after feeding, and it was found necessary to close the orifice with 
a small rubber balloon attached to rubber tubing with a 2 in. diameter rubber disk. The balloon and 
tubing were inserted into the fistula and the balloon inflated with 5-10 ml. water, the rubber 
tubing being closed with a glass rod of } in. diameter. Peristalsis drew in the balloon until the 
rubber flange was close up to the abdominal wall. A strip of bandage was tied to the rubber tubing 
and then tied to a harness on the animal's back. A pad of absorbent cellulose wadding sprinkled 
with aluminium hydroxide powder was applied and held in position with a broad crepe bandage, 
the whole being covered with a canvas coat. A large pressed-fibre disk collar prevented any 
interference with the dressing by the animal. The dressings and ‘stopper’ were replaced daily. 
The animals were not used for experimental purposes until at least 6 weeks after the operation. 
Table 1 gives the post-mortem measurements of the portion of intestine operated on. 


Taste Il, Measuremente* (post-mortem) of position of jejunal fistulae 


Length (cm) 
Segment of intestine Animal B Animal A 
to anastomosis 30 20 
lorus to pancreatic duct 6 9 
Abdominal surface to anastomosis 12 10 


* These measurements are less than those made at operation owing to post-mortem shortening. 


Experimental procedure. The experiments were all carried out in the morning, the animal having 
been fasted 18 hr with access to water. The animal stood in bandage slings on a dog stand. Con- 
siderable care was taken to ensure that the slings were comfortable and of such a length that 
when the animal relaxed, some of its weight was taken by the slings. 

Intestinal contents were collected by inserting a bi-lumen soft rubber tube carrying a balloon on 
one lumen into the fistula and inflating the balloon so as to occlude the intestine below the 
anastomosis. The flow of material was facilitated by cutting several } in. holes in the lumen of the 
tube. A prostatic catheter, size 20 French gauge, was found to be convenient for the collection. 
With the first animal, where the intestine was continuous from the abdominal wall, no difficulty 
was found; but in the second animal, where the intestine from the abdominal wall to the anasto- 
mosis was not-continuous with the jejunum, occasional difficulty was found in getting the tip of the 
catheter into the jejunum below and not above the anastomosis. That the catheter balloon was in 
the correct position was easily determined because it was then pulled in firmly by peristalsis until 
stopped by a wide rubber flange attached to the catheter. The arrangement is shown in Fig. 1. 
The intestinal contents were collected in 100 ml. cylinders which were held off the table and in 
position by a bandage tied round the animal’s body. 

Material from the intestine was collected for 30 min before feeding; the cylinder was then 
changed and the animal fed. Collection was made continuously for 1-2 hr, the cylinders being 
changed every 10-30 min, depending on the rate of flow. The pH was determined on the contents 
of each sample by a Cambridge pH meter using a glass electrode. Most specimens were examined 
under dark ground illumination to determine the degree of fat dispersion. The specimens were 
either pooled and kept until the end of the experiment or acidified (8 ml. glacial acetic acid per 
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100 ml. intestinal contents; the resultant pH was about 3) soon after the end of collection and then 
bulked and extracted for fat. 

Two types of fat meal were used. The first consisted of mashed potato (200 g) with olive oil 
(40 ml.) incorporated and flavoured with ‘Oxo’. This was used for the first four experiments with 
animal B but was not readily eaten. The second diet consisted of ice-cream made with olive oil 
and was used for five experiments with the first animal and nine with the second. The ice-cream 
was prepared by dissolving 28 g sucrose and 2 g gelatin in one-third pint fat-free milk and then 
emulsifying 40 ml. olive oil with this mixture by passing through a domestic cream-maker. The 
emulsion was kept in the refrigerator for 1 hr, stirred thoroughly and then stored in the refrigerator 
until required. The fat content was approximately 16-7 g/100 g food. The food was brought into 
the laboratory when the animal was on the stand and left within its field of vision. Both animals 
ate the ice-cream with avidity and showed marked signs of appreciation. They usually stood quietly 
for an hour or more after their meal, one animal developing the habit of relaxing into the bandages 
and dozing. 


From stomach Air-filled 


balloon 


Fig. 1. Position of catheter during the collection of jejunal contents. 


Chemical methods 

Extraction of lipid, Each 100 ml. of intestinal contents was acidified by the addition of 8 ml. 
glacial acetic acid, mixed with 75 ml. 95% (v/v) ethanol and shaken with 120 ml. di-ethyl ether. 
After centrifuging and removing the ether, the aqueous residue was extracted three times with 
60 ml. ether. The ether solutions were washed four times with 100 ml. portions of water. The ether 
was then removed from the washed ethereal solution of lipid by evaporation under reduced pres- 
sure in an atmosphere of N;. » 

The acetic acid was removed by repeatedly adding water and distilling under reduced pressure 
in an atmosphere of N,, the temperature of the water-bath being less than 45° O. This process was 
<0-5 ml. 0-OLN alkali for neutralization. Water was then 
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removed by adding absolute ethanol and distilling under reduced pressure, the traces of alcohol 
being removed by adding and distilling off ether. The fat was then dissolved in dry ether, which was 
filtered, the ether evaporated and the fat weighed. Any phospholipid was removed by dissolving 
in acetone, filtering, and removing the acetone. Only traces of acetone-insoluble material were 
found when the potato diet was used and none with the ice-cream diet. The fat was transferred to 
specimen tubes and subsequently analysed. 

Fatty acid was estimated by titration with 0-02x alcoholic potash (CO,-free) in « stream of N,, 
the fat being dissolyed in chloroform (3 ml.) with 10 ml. benzene added, using thymol blue as 
indicator. The results were calculated as oleic acid. 

1- Monoglyceride was estimated by oxidation with periodic acid for 30 min then distilling and 
Values 
were calculated as 1-mono-olein. 


Taste 2 
Intestinal contents collected 
Food eaten Total ~~~ % fat. 
Expt. (ml.) (g) eaten 
(Potato 
| 114 124 5-0 27 
B3 162 153 4-2 14 
B5 115 161 3-8 23 
B6 147 127 16 7 
Mean + 8.8. 14149 
cream) 
B8 180 315 13-8 46 
B9 XS 203 7-4 50 
B10 150 158. 2-7 ll 
Bl2 117 138 3-0 1 
Mean + 8.5. 204+ 40 
All B 1724 22 
(Ice cream) 
A3 163 288 23-1 77 
A4 208 309 27-5 88 
A5 209 344 31-5 82 
A6 232 370 82 
AT 215 346 32-1 82 
A8 104 247 10-6 66 
A9 170 270 18-4 66 
Mean + 8.z. 311+32 
RESULTS 
Intestinal contents collected 


The collection of intestinal contents after feeding was continued until the 
rate fell to a low figure (<1 ml./min). With the second dog there was a rapid 
flow which fell off rapidly, but with the first dog the rate of flow was much less 
and fell off more slowly. The total period of collection varied between 60 and 
100 min after feeding for the second animal and between 100 and 150 min with 
the first, Table 2 gives the figures for the total volume for fifteen experiments 
where the collection was satisfactory. The marked difference between the two 
animals in the percentage of fat eaten which was recovered, and between the 
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time patterns of collection, can best be interpreted as being due to a slow 
passage of the stomach contents into the duodenum in animal B and a very 
rapid passage in animal A. | | 

Acidity. The pH of intestinal contents after feeding on either diet was very 
constant, 89 values on 17 different days being between 6-0 and 6-5. One value 
each of 5-7, 6-6 and 6-7 was obtained. In one experiment five values ranging 
between 6-7 and 7-0 were obtained, but the degree of lipolysis was similar to 
that with more acid intestinal contents. 


TaBizE 3. Degree of lipolysis of lipid in jejunal contents 


Time after lea 
Lipid in intestinal catheter until 
contents Fatty acid stopped 
Expt. (mg/ml.) (g/100 g lipid) | Mean (range) (min) 
A3 80-2 17-6 9-6 (5-15) 
A2 50-5 20-2 13 (7-19) 
B53 24-6 22-4 13 (6-21) 
Al3 32-8 33-6 22 (10-45) 
B52 22-9 26-4 30 (10-63) 
B63 11-7 36-6 33 (15-50) 
B62 12-7 40-6 40 (20-60) 


Degree of lipolysis. Presumably lipase acts on the fat from the moment of 
mixing of pancreatic juice with the duodenal contents; and in our experiments 
lipolytic activity would continue while the intestinal contents traversed at 
least 11 cm of intestine (animal A) and then for the time that the material 
stood during collection and before acidification. In Table 3 are recorded the 
values for the mean time during which lipolysis occurred and the concentra- 
tion of fatty acid in the fat isolated, showing that the fatty acid increased 
from 18 to 41° when the mean time before stopping lipolysis increased from 
10 to 40 min. | 

Maximum amount of lipolysis. Nine experiments were carried out in which 
the intestinal contents were collected (but not acidified) until the animal 
yielded no further material. A sample of the collected intestinal contents was 
then removed for analysis: the remainder was shaken at 37° for further 


periods up to 3 hr and the fat then extracted. The results, given in Table 4, 


show that the maximum degree of hydrolysis achieved after 3 hr shaking at 
37° varied from 41 to 76% (mean 54%). 

1-Monoglyceride content. 1-Monoglyceride determinations were done on 
eighteen specimens of lipid from intestinal contents by the chemical method 
developed by Dowse & Saunders (1956), the values ranging from 3-2 to 
8-1 g/100 g lipid. These figures are given in two groups in Table 5 divided 
into samples of intestinal contents which had been incubated with shaking 
for 1-3 hr and those which had not been so treated. 4 

The mean value +8.8. (no. of samples) for fatty acid was 44-5 g/100 g 
lipid +1-3 (9) for material incubated at 37° with shaking for 1-3 hr; and 
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26-8 g/100 g. lipid + 1-75 (9) for lipid from material not incubated, i.e. acidified 
to stop lipolysis. The figures for 1-monoglyceride are 6-5 g/100 g lipid + 0-3 (9) 
for incubated material and 4-6 g/100 g lipid + 0-4 (9) for material not incubated. 


The difference between the means is highly significant, both for fatty acid 
(P <0-001) and for 1-monoglyceride (P < 0-001). 


Tas.E 4. The amount of lipolysis in jejunal contents after incubation (with shaking) at 37° C 


Wt. of lipid in | Fatty acid (g/100 g lipid) 

intestinal Treatment after Time of (hr) 

contents collection r A — 
Expt. (mg/ml.) (hr)* 0 1 2 3 
B10 17 at 18°C 34-5 (6-2) _ 60-2 (6-0) — 
Bll 21 at 18° C 50-0 (6-1) — — 76-4 (5-7) 
B12 22 at 18°C 38-4 (6-0) 71-5 (5-5) 
A4 90 2 at 18°C 30-9 (5-8 -- _- 41-1(—) 
A5 91 2 in ice water 26-2 (5°8) 41-0(5°8) 46-0(5-8) 48-3 (5-8) 
A6 95 1} in ice water 24-4 (5-8) 40-9(5-7) 43-4(5-7) 45-8 (5-8) 
A7 93 in ice water 28-5 (5-8) 52-0 (—) 
A8 43 1-2} in ice water 33-4 (6-0) = _ 44-6 (—) 
A9 68 1-2 in solid CO,/CHCl, 29-2 (6-0) a — 52-7 (5-9) 


* Shortest and longest periods during which any portion of intestinal contents stood from the 
moment of leaving the catheter to the start of the incubation at 37°. 
Figures in brackets show pH of intestinal contents. 


Tasix 5. The effect of incubation with shaking at 37° on the composition of lipid from 
jejunal contents (mean values + 8.z.) 


liberated (calcu- 
lated) as % of total 
glycerol if residue is 
l assumed to be 
No.of Fatty 
Material expts. (g/100¢ lipid) (g/ 80g lipid) Diglyceride Triglyceride 
As collected 9 26-8 + 1-75 4640-4 20-44 1-7 


Incubated at 37° for1-3hr 9 44-9+ 1-30 6-5+0-3 13-34 26 35-0+1-°5 


Degree of dispersion of fat. In many specimens visible fat rose to the surface 
of the cylinder, Microscopic examination under ordinary illumination (} in. 
objective) and under dark ground illumination (5 in. objective) showed fat in 
all degrees of dispersion in all specimens, from very small particles (‘microns’) 
of probably <0-5y, which were exhibiting violent Brownian movement, to 
medium (ca. 5) droplets and large drops ( > 10). The ice-cream on which the 
animals fed contained mainly medium-sized droplets. The only conclusion we 
came to was that in our experiments the olive oil was never completely 


emulsified. 
Composition of emulsified fat 
Three experiments were done to try to find the composition of fat in a stable 
emulsion in the intestinel contents. After completing collection, the jejunal 
contents were stored in ice-water or freezing mixture. Each collection was 
divided into two parts: the first half was centrifuged at 10009 for 15 min, 
while the second half was shaken at 37° C for 3 hr and then centrifuged at 
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1000 g for 15 min. This procedure produced a lower watery layer containing 
highly emulsified lipid and a supernatant oily layer. In each case the lower 
watery layer was siphoned off from below the oily layer, great care being 
taken to avoid removing any of the oily layer. The lower watery layers showed 
very large numbers of ‘microns’ and only an occasional droplet. The upper oily 
layers still contained traces of the emulsified layer. The lipid was extracted 
from each layer. The analytical figures are given in Table 6. 


TaBz 6. Jejunal contents separated by centrifugation 
Vo. Lipid isolated 


Expt. (al) (g) (mg/ml) (g/100g 100 g lipid) 
(fat) layer 
shaking 7 44 “4 26-2 4-0 
8 50 4600 — 30-7 56 
9 44 70 — 26-9 4-6 
After 3 hr shaking at 7 38 (7-47)*  — 51:3 4-2 
37° 8 30 13 — 40-8 5-6 
9 32 74 52-0 4-9 
Lower emulsified layer 

Before shaking 7 126 156 124 50-0 16-5 
8 75 0-87 1146 48-0 — 
9 84 141 168 42-3 _ 
After 3hr shaking at 7 132 221 16-7 59-1 5-1 

37° | 8 96 204 21-2 50-3 
9 96 155 161° 56-4 8-3 

* Some fat lost. 


The mean of the fatty acid concentration in the upper layers before shaking 
is significantly less than the mean of all the other fatty acid concentrations 
(P< 0-001), but any differences in the means of the other groups of fatty acid 
concentrations and between any 1-monoglyceride values are not significant. 


The average composition of the emulsified fat is 51+2-5% oleic acid iis : 


9-8 + 1-monoglyceride. 


DISCUSSION 
Extent of lipolysis 


Fatiy acid liberation. The results given in Tables 3 and 4 show that the fatty 
acid is liberated rapidly at first from fat in intestinal contents. The smallest 
concentration of fatty acid found (17-6 % ; Expt. A3, Table 3) was after 10 min 
collection periods, each portion collected being acidified 5 min later. The total 
time of lipase action in this case was probably only 20-30 min, allowing 5- 
15 min for passage down the 21 cm of intestine from the pancreatic duct to the 
body surface. In the four experiments (A5-A8, Table 4) when collection 
periods of 10-15 min were used and the material subsequently stored in ice- 
water, the minimum of fatty acid found in the fat was a4: 4 %o and ‘even 
storage in freezing mixture produced 29-2 %. 
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Incubation of the collected material, with shaking, at 37° produced further 
fatty acid liberation in all cases, with widely different fatty acid contents 
(41-76%). In the two experiments where samples were analysed at hourly 
intervals (A5, A6, Table 4) fatty acid liberation had practically ceased after 
only 1 hr at 37°, indicating that in these experiments the amount of fatty acid 
had reached a maximum. The stoppage of lipase action in vitro is usually 
attributed to an accumulation of fatty acid at the oil-water interface prevent- 
ing contact between water-soluble lipase and triglyceride. This may be the 
explanation in our experiments, although if 41% of fatty acid in the fat 
virtually inhibits lipase action (Expts. A5, A6), it is difficult to imagine why 
50 and 38% fatty acid allow very marked subsequent lipolysis (Expts. B11, 
B12). 

The optimum pH for lipase activity in vitro is usually given as pH 7-8 and it 
is at this pH that the accumulation of fatty acid inhibits further lipase action 
(Desnuelle, Naudet & Rouzier, 1948). Borgstrém (19545), however, finds that 
in the presence of bile salt lipase activity is high at pH 6-3 but falls off in more 
acid solutions. The pH of the intestinal contents in our experiments was 
between 6-0 and 6-5 and the final pH after incubation (Table 4) between 5-5 
and 6-0. It seems likely that the pH of the solution is a limiting factor for the 
continuance of lipase activity. In the intestine the development ofa pH of less - 
than 6-0 may be prevented by the addition of intestinal secretions, which are 
weakly alkaline (Florey, Wright & Jennings, 1941) or by the preferential 
absorption of fatty acid which Borgstrém (1954a) has shown to occur in the 
rat. Both these factors would produce greater lipolysis in vivo than in vitro. 

Monoglyceride formation. The amount of 1-monoglyceride found in fat from 
intestinal contents varied between 3-2 and 8-1%. 

We tested eight of our fat specimens for the presence of 2-monoglyceride by 
the method of Mattson e¢ al. (1952) or that of Borgstrém (1952). No 2-mono- 
glyceride was found. The above figures therefore represent the total mono- 
glyceride in our specimens. These figures are similar to those found by previous 
workers for the monoglyceride content of the fat from intestinal contents of 
rats and of dogs (Mattson et al. 1952; Desnuelle & Constantin, 1952; Borgstrém, 
19544). 

Blankenhorn & Ahrens (1955) found 13 and 17 % of the lipids from human 
jejunal contents to be monoglycerides while Kuhrt, Welch, Blum, Perry, 
Weber & Nasset (1952) in a similar type of experiment found 37-50% of the 
fat to be monoglyceride. The value given by the latter workers is very much 
higher than those reported by any other workers on fat digestion either in vivo 
or in vitro. 

Glycerol formation. It has been claimed (Frazer, 1946) that no glycerol is 
formed during the digestion of fat. No direct estimations of glycerol were made 
in our experiments, but it is possible to deduce its liberation on the basis of the 
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following argument. Digestion of triglyceride can give rise to diglyceride, 
monoglyceride, glycerol and fatty acid. The glycerides and fatty acid are iso- 
lated as lipid and the fatty acid concentration is known. The remainder may 
be mono-, di- or tri-glyceride or any mixture. If noglycerol is formed, then the 
maximum fatty acid content of the isolated lipid would occur when the lipid is 
entirely fatty acid and monoglyceride. 

If the fatty acid content in g/100 g lipid = F,, then the monoglyceride content 
=(100—F)%. As two molecules of fatty acid and one of monoglyceride are 
formed on splitting triglyceride, then F/282 = 2 x (100 — F)/356: (the molecular 
weight of oleic acid is 282 and of mono-olein 356). From this equation F = 61-3, 
which means that if the fatty acid in the isolated lipid is more than 61:3%, 
glycerol must have been liberated. We isolated two specimens of lipid, both 
from intestinal contents which had been shaken for 3 hr at 37°, which contained 
71-5 and 76-4 % fatty acid. Therefore even with these unfavourable assump- 
tions, glycerol must have been formed in these two cases. 

With the eighteen specimens of lipid for which the monoglyceride content is 
also known (Table 5), it is possible to calculate the concentration of fatty acid 
which corresponds to the glyceride formed, on the assumption that all the 
remaining lipid is either triglyceride or diglyceride. If the actual fatty acid 
. content exceeds the value calculated on these assumptions, then glycerol must 
have been formed from the hydrolysis of the original tri-olein. The amount is 
given in Table 5 as a percentage of the total free and combined glycerol. 

Assuming the residual lipid to be diglyceride, calculation from the analytical 
figures for nine specimens of lipid from intestinal contents which had not been 
incubated gave negative values for free glycerol, and assuming the residual 
lipid to be triglyceride, calculation gave 20% of the glycerol set free. It seems 
very doubtful if any appreciable quantity of glycerol is set free under these 
conditions. 

The liberated glycerol in the nine experiments where the intestinal contents 
were incubated at 37° is calculated to be 13% if the residual lipid is assumed 
to be diglyceride and 36 % if it is assumed to be triglyceride. As other workers 
(Borgstrém, 1954a; Blankenhorn & Ahrens, 1955) have found both di- and 
tri-glyceride in the lipid from intestinal contents, the true amount is probably 
between these two sets of values. 


The composition of highly emulsified lipid 
An essential part of Frazer’s hypothesis was that more than 60%, of ingested 
fat was absorbed from the intestine as triglyceride in the form of particles of 
less than 0-5 in diameter (Frazer, 1946). No analyses of such particles have 
hitherto been published. 
The analyses in Table 6 show that the composition of lipid in ‘micron’ form 
is 42-59% fatty acid and 5-16% monoglyceride, the sum of the two being 
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60-66 % (four values). This means that even if the whole of the remaining lipid 
is triglyceride it amounts to 34-40 % as compared with 60-66 % of split fat. If 
diglyceride were present, as has been reported for lipid from intestinal contents 
by other workers (Borgstrém, 1954a; Blankenhorn & Ahrens, 1955) the amount 
of triglyceride would be correspondingly smaller. It seems unlikely therefore 
that unsplit fat is absorbed to any large extent in the dog. This conclusion has 
already been deduced by Bergstrém & Borgstrém (1953, p. 336) in their review 
of fat absorption. 

A further point of some interest is that the amount of this highly emulsified 
lipid per ml. of intestinal contents varies between 11-6 and 21-2 mg and is not 
significantly increased (0-2 > P >0-1) by incubation, with shaking, at 37°: and 
this despite the fact that the composition of the non-emulsified lipid is very 
similar to that which is highly emulsified. It is, of course, possible that lipid 
may be absorbed from particles larger and less stably emulsified than those we 
separated. Macheboeuf (1948) has put forward an interesting suggestion that 
the free border of an intestinal epithelial cell can be regarded as being com- 
posed of orientated molecules containing groups phobic for the cytoplasm. If 
these groups are masked by combination with molecules in the lumen contents, 
the complex formed may be displaced into the cell and be replaced by other 
molecules hitherto denied access to the surface. He suggests that cholesterol 
may play such a role in relation to fatty acid and ribonucleic acid in relation to 
partial glycerides. By means of such a mechanism surface molecules may be 
stripped from a ‘large’ lipid particle or if the lipid particle is sufficiently small 
it may be completely absorbed. It seems to us that this interesting suggestion 
may resolve many difficulties in relation to fat absorption. 


SUMMARY 

1. Two dogs with Mann-Bollman type jejunal fistulae were fed with olive 
oil and the intestinal contents collected. 

2. The lipid isolated from jejunal contents contained 18-34 % fatty acid and 
3-2-6:5 % 1-monoglyceride. On shaking jejunal contents for periods of up to 
3 hr at 37° the oleic acid content of the lipid increased to 41-76% and the 
1-monoglyceride to 5-5-8-1%. 

3. The pH of jejunal contents, normally 6-0-6-5, decreased to 5-5-6-0 on 
shaking in vitro. It is suggested that the pH may be a factor limiting the 
extent of lipolysis in these conditions. 

4. Highly emulsified lipid was separated from jejunal contents by centri- 
fugation. It contained 42-59% oleic acid and 5-16 % 1-monoglyceride. 

5. Itseems unlikely that unsplit triglyceride is absorbed as such to any large 
extent in the dog. 


This work has been carried out with the assistance of a grant from the Medical Research 
Council. 
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MEASUREMENT OF THE SERIES ELASTIC COMPONENT AT 
VARIOUS TIMES DURING A SINGLE MUSCLE TWITCH 


By D. R. WILKIE | 
From the Department of Physiology, University College London 
(Received 23 May 1956) 


It is well known that active striated muscle behaves as a two-component 
system of active contractile components in series with passive elastic ones 
(see, for example, Levin & Wyman, 1927; Hill, 1938, 1953; Katz, 1939; 
Wilkie, 1950). The contractile component is brought into being within 10 msec 
of a stimulus; it remains in full activity for about 50 msec, then disappears with 
a characteristic time course over the following 300 msec. All these times refer 
to frog’s sartorius at 0° C; they are approximatély halved for each 10° C rise in 
temperature (Hill, 1951; Macpherson & Wilkie, 1953; Ritchie, 1954). But 
what of the series elastic component? Is it there all the time or does it also 
vary from moment to moment after the stimulus? 


METHODS 


The quick-release method used was a direct one; the muscle was not assumed to follow a specified 
force-velocity relationship. 

The apparatus is shown in Fig. 1. The muscle (a), a frog’s sartorius, lies on a multi-electrode 
assembly and is attached by a straightened stainless steel wire to a light duralumin lever (5) 
mounted on miniature ball-bearings. Isotonic loads (c) may be attached to another ball-race near 
the axis of the lever, but the initial length of the muscle is held constant by the after-loading stop 
(d). The lever is prevented from moving by the electromagnetic stop (e) which can be released at 
any chosen moment after the stimulus. The damping device (f) will be discussed later. The position 
| of the lever is registered by a photocell, Other experimental details have been described in previous 
papers, e.g. Macpherson & Wilkie (1953). All experiments were carried out at 0° C. 

The muscle is stimulated by a single shock and develops tension isometrically, thus stretching its 
series elastic component. On release the previously stretched elastic component shortens very 
rapidly to the length corresponding to the isotonic load. Subsequently, the contractile component 
shortens with a comparatively low velocity corresponding to the load. The record of lever move- 
ment, Fig. 2, therefore shows two distinct phases. 

Unfortunately only part of the energy given to the lever by the elastic component is used in 
lifting the isotonic load, and the remainder makes a nuisance of itself by throwing the lever into 
vibration, Accurate measurement is impossible unless the surplus energy is absorbed. The degree 
of damping required is a compromise; in Fig. 2 the light loads were under-damped and the heaviest 
load somewhat over-damped by a simple dashpot consisting of two vanes about 4 mm in diameter 
submerged in mineral oil. The inertia of the whole apparatus was always negligible. This is shown 
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clearly by the way in which the initial release records are all perpendicular to the base line. (They 
are not exactly perpendicular to the time trace because of slight trapezoidal distortion in the 
cathode-ray tube.) The effect of inertia would be to reduce the initial velocity. Moreover, the 
records made with different loads would then no longer coincide. 


Fig. 1. Diagram of apparatus. For details see text. 


¢ 


Fig. 2. Records of isotonic release (shortening downwards) against various isotonic loads. In all 
es aewe 100 msec after the stimulus, Frog's sartorius 0° C; 30 mm long, 
mg. 
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The size of the vertical downstroke is plotted against the isotonic tension to give the stress- 
strain curve of the series component (Fig. 3). The records made with light loads show slight oscilla- 
tions superimposed on a constant velocity. Consistent results may be obtained by drawing a line 
through the middle of the oscillation and measuring to’the point at which it intersects the vertical 
downstroke. The final stress-strain curve includes the stretch in the connecting wire, which 
amounts to about 0-2 mm for 50 g. 


15 


Strain (mm) 


1 i 
10 20 30 40 
Stress (g wt.) 
Fig. 3. Stress-strain curves of the series elastic component at the following times (msec) after 
a single stimulus: @, 100; x, 200; +, 280; [, 480; V7, 640; A, 200 msec control. Frog’s 
sartorius 0° C; 30 mm long, 80 mg. 


This isotonic technique is analogous to the method described by Hill (1953), which involved 
releasing a muscle quickly by a modified Levin-Wyman lever. The isotonic technique uses simpler 
apparatus and allows much quicker releases, so there is no risk of ‘contamination’ by active 
shortening; moreover, it gives a direct and dramatic demonstration that there are two distinct 
components in muscle. On the other hand, Hill’s method has the advantage that a complete 
stress-strain curve is obtained from a single release. Both methods give roughly the same result. 
Aubert (1955) has independently used the reasoning behind the isotonic technique in order to 
calculate the series component from some early measurements by Petit (1931). 


EXPERIMENTAL RESULTS AND DISCUSSION 
The result of a set of determinations on a single muscle is shown in Fig. 3. 
Since the stress-strain curve becomes asymptotic to the length axis, the 
genuine origin of each curve is uncertain. The curves have therefore been made 
to coincide at an arbitrary but clearly defined point, at a tension of 1-1 g wt. 


It is clear from Fig. 3 that the curves taken at various times are more or less 
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the same, i.e. the series elastic component is present, probably with constant 
properties, throughout contraction and relaxation. Unlike the contractile 
component, it is not brought into being as a result of stimulation and dis- 
mantled again during relaxation. 

The series elastic component resides partly, but probably not entirely, in the 
tendons. There has been a good deal of speculation in the past (e.g. Wilkie, 
1950, p. 265; Szent-Gydrgyi, 1953, p. xiii) about the possible microanatomical 
site of the remainder. One conclusion to be drawn from the experiments 
described here is that the site must be located in a region not subject to the 
profound change which occurs in the contractile proteins during activity. 


SUMMARY 


1. A simple isotonic technique has been described for demonstrating the 
separate existence of two components in striated muscle, and for determining 
the stress-strain curve of the passive elastic component. 

2. This technique has been used to show that the series component is 
present and has constant properties throughout a muscle twitch. 
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THE ABSORPTION OF GLUCOSE BY THE INTACT RAT 


By P. C. REYNELL anp G. H. SPRAY 


From the Nuffield Department of Clinical Medicine, 
University of Oxford 


(Received 30 May 1956) 


In the investigation of small-intestinal function it would be valuable to know 
the maximum rate at which the small intestine of the intact animal was 
capable of absorbing glucose. This would serve as a measure of intestinal cell 
function analogous to the glucose Tm as a measure of renal tubular function. 
Cori (1925a) measured glucose absorption in the intact animal by giving 
glucose by stomach tube and later killing the animal and measuring the amount 
of glucose recovered from the gastro-intestinal tract. This method has sub- 
sequently been used by many other workers, some of whom have found that 
the rate of glucose absorption was approximately constant over a wide dosage 
range and over consecutive periods of time. They have therefore assumed that 
they are measuring the maximum absorptive capacity of the small intestine. 
This value has been related to body weight (Cori, 19254; Magee & Reid, 1931; 
Trimble, Carey & Maddock, 1933) or surface area (MacKay & Bergman, 1933) 
and expressed as an absorption coefficient. However, the validity of the 
technique has been questioned by other workers (Pierce, Osgood & Polansky, — 
1928; Fenton, 1945), and it involves the following assumptions: (1) that the 
rate of absorption is independent of gastric emptying, (2) that there is no 
gastric absorption of glucose, and (3) that the small intestinal absorptive 
surface is working at saturation capacity. 

Using a technique by which it is possible to study gastro-intestinal ab- 
sorption and motility simultaneously, Reynell & Spray (1956) found that with 
small glucose loads the rate of absorption was determined mainly by the rate 
of gastric emptying. Using the same technique, we have studied the effect on 
gastro-intestinal functions of increasing glucose loads and have attempted 
to determine the maximum absorptive capacity of the small intestine of the 
rat. 

METHODS 


Adult male rats of the Wistar strain (200-400 g wt.) were used in these experiments. The experi- 

mental and analytical methods were those of Reynell & Spray (1956), but the data were analysed 

somewhat differently. The amount of glucose given to each animal varied from 0-3 to 2g. The 
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dose of glucose was not related to the body weight of the animal and was always given in 4 ml. of 
solution (7-5-50% w/v solutions). Ten rats were subjected to resection of some two-thirds of the 
small intestine, and the duodenum was joined by end-to-end anastomosis to the residual lower 
ileum. Except when investigating the effect of other hypertonic solutions (p. 535), all the animals 
were killed 1 hr after intubation. 
Calculations 

Gastric emptying is the percentage of administered phenol red which has left the stomach during 
the time since intubation and is calculated as described previously (Reynell & Spray, 1956). 

Intestinal absorption index for glucose was determined for the third and fourth quarters of the 
small intestine as described previously (Reynell & Spray, 1956). It is the percentage of administered 
glucose which has been absorbed by the time the intestinal contents have entered the intestinal 
segment under consideration. 

Total absorption of glucose is the amount of glucose given less the amount recovered at the time 
at which the animal is killed. It can be subdivided into the following two fractions. 

Estimated gastric absorptivn of glucose is found by subtracting the amount of glucose recovered 
from the stomach of the test animal from the amount which would have been recovered if no 
glucose absorption had taken place. It is calculated from the formula where Pa 


phenol red recovered from the stomach of the test rat, Py = phenol red recovered from the control 
rat, T’a =glucose recovered from the stomach of the test rat, and T'y =glucose recovered from the 
control rat. 

Estimated intestinal absorption of glucose is found by subtracting the amount of glucose recovered 
from the small intestine of the test animal from the amount of glucose which has left the stomach 
during the hour since intubation (estimated intestinal glucose load). It is calculated from the 


formula = Ty - Ti, where Ti =amount of glucose recovered from the small intestine of the 
test rat (Pa, Py and T'y as above). (The gastric absorption of glucose is slightly underestimated 


and the intestinal absorption of glucose correspondingly overestimated, since it is assumed that 
the ratio of glucose to phenol red leaving the stomach remains constant.) 


RESULTS 
Absorption of glucose 

Total absorption of glucose. The total amount of glucose absorbed is not much 
increased by increasing the amount of glucose given (total glucose load) over 
the range studied (Fig. 1). When 0-3-1-0g glucose was given, the mean 
absorption was 326+ 16 mg in 1 hr. If 1-2 g was given, the mean absorption 
was 404 + 34 mg in 1 hr. 

Effect of glucose load on gastric emptying. It is well known that gastric 
emptying is delayed by hypertonic glucose (Quigley & Phelps, 1934; Fenton, 
1945), and our own results (Fig. 2) confirm that gastric emptying becomes 
progressively slower as stronger glucose solutions are introduced into the 
stomach, so that the intestinal glucose load does not increase in proportion to 
the total glucose load. 

Estimated gastric absorption of glucose. The mean estimated gastric ab- 
sorption of glucose was 70+6 mg when 0-3-1-0g glucose was given, and 
69+15 mg when 1-2 g was given, so that over the range of glucose loads 
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studied there was no significant increase in gastric absorption of glucose when 
stronger solutions were introduced into the stomach (Fig. 3). 
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1, Glucose absorption in 1 hr after varying doses of glucose. 
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Fig. 3. Glucose absorption from the stomach in 1 hr after varying doses of glucose. 


Estimated intestinal absorption of glucose. When the estimated intestinal 
absorption of glucose is plotted against the estimated intestinal load (Fig. 4), 
the former increases throughout the range of intestinal loads studied. At 
the highest loads the percentage of available glucose which is absorbed falls 
off slightly, but there is no plateau of ‘maximal’ intestinal absorption. It is 
therefore unlikely that the intestinal absorptive capacity has been saturated 
by the intestinal glucose loads (170-635 mg) achieved in these experiments. 
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Intestinal absorption indices. Further evidence that the intestinal absorptive 
capacity is not fully saturated is obtained from the intestinal absorption 
indices of the third and fourth quarters of the small intestine (Table 1). With 
total glucose loads of less than 600 mg, practically no glucose is recovered from 
the lower half of the small intestine which therefore forms a large reserve of 
unutilized absorptive capacity. Even at total glucose loads of 1-2 g, the high 
absorption indices show that most of the glucose had been absorbed by the 
time the intestinal contents had entered the second half of the small intestine, 
and in only two of these animals was more than 1 mg of glucose recovered 
from the distal quarter of the small intestine. In no animal had any glucose 
entered the caecum during the hour following intubation. 


Estimated intestinal 


absorption of glucose (mg) 


100 200 
Estimated intestinal load (mg) 
Fig. 4. Glucose absorbed from the small intestine in 1 hr with varying intestinal loads. 


TaBLE 1. Intestinal absorption indices for third and fourth quarter of the small intestine 


with different total glucose loads 
Mean intestinal absorption index 
Glucose load No. of A 
(g) i third quarter fourth quarter 
0-3-0-6 18 99-2 99-5 
1-2 8 90-9 96-2 
Intestinal resections 


Further evidence of the great absorptive capacity of the small intestine 
of the rat for glucose was obtained by studying glucose absorption after 
massive intestinal resections. In ten rats with a residual small intestine of 
25-50 cm (mean 36cm, or one-third of initial length) consisting only of 
duodenum and lower ileum, the mean estimated intestinal absorption of 
glucose was 196+18 mg during the hour following intubation with a total 
glucose load of 400 mg. Since the ratio of absorbing surface to length increases 
in a linear manner with distance from the ileocaecal valve (Fisher & Parsons, 
1950), these animals were probably left with no more than a quarter of their 
initial absorbing surface, which suggests that the small intestine should be 
capable of absorbing some 800 mg glucose in 1 hr, a rate exceeding the esti- 
mated intestinal load in any of the intact animals. 
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Effect of other hypertonic solutions 

In order to discover whether the action of glucose on gastric emptying was a 
simple osmotic action, the effect of other hypertonic solutions was studied 
1, 2 and 3 hr after intubation (Fig. 5). Sodium chloride, sodium sulphate or 
sorbitol was dissolved in 10% glucose to make up a solution approximately 
isosmotic with 50% glucose, and the same volume of fluid was given in each 
case. The mean normal figures for comparison are those of Reynell & Spray 
(1956) using 10% glucose. With 50% glucose and 50% sorbitol there was 
delayed gastric emptying in every animal. With sodium chloride and sodium 
sulphate there was some delay at 1 hr, but at 2 and 3hr after intubation 
gastric emptying was within normal limits. It thus seems probable that the 
delay is not explained simply by differences in osmotic pressure. 


Gastric emptying (%) 


Time (hr) 
Fig. 5. The effect of hypertonic solutions on gastric emptying: ©, normal; @, 50% 
glucose; (}, 50% sorbitol; @, 7% NaCl; &, 16% Na,S8O0,.10H,0. 


DISCUSSION 
Our experiments show that the basic assumptions implicit in the Cori tech- 
nique for measuring intestinal absorption are incorrect. (1) Even at high 
glucose loads, gastric emptying is the most important single determinant of 
total glucose absorption. (2) Glucose is absorbed from the stomach, and the 
percentage of administered glucose absorbed by this route will vary with the 
total glucose load. The absorptive capacity of the stomach is readily saturated 
and rarely exceeds 100 mg in 1 hr, so that at high glucose loads the proportion of 
glucose absorbed by the stomach will be small. (3) Under the conditions of our 
experiments it has not proved possible to saturate the absorptive capacity of 
the small intestine, and neither total glucose absorption nor even estimated 
intestinal absorption of glucose can be used as a measure of small intestinal 
function unless this condition is satisfied. The capacity of the small intestine 
to absorb glucose could best be estimated by expressing the estimated 


4 
] 
~ 
80 
a 
60 
10 4 
a 
. 
2 
; 
‘J 
j 4 


536 P. C. REYNELL AND G. H. SPRAY 


intestinal absorption of glucose as a percentage of the estimated intestinal 
load, although at high intestinal loads this ratio may fall slightly in normal rats. 

The reason that the total glucose absorption increases so little with increas- 
ing total glucose loads is not saturation of absorptive capacity, but delayed 
gastric emptying which prevents a corresponding increase in intestinal glucose 
load. Glucose is thus delivered to the small intestine at a rate which remains 
within its absorptive capacity. 

Where the Cori technique has been used to show that one substance may 
interfere with the absorption of another, the effect may be a result of delayed 
gastric emptying due to the introduction of a more concentrated solution into 
the stomach (Cori, 19256, 1926). 

The small-intestinal absorptive capacity could probably be saturated by 
substances absorbed less readily than glucose, particularly if their effect on 
gastric emptying was less striking, and such substances might be better than 
glucose as tools with which to study the absorptive capacity of the small 
intestine by our technique. 

SUMMARY 

1. The effect of varying doses of glucose on glucose absorption by the 
stomach and small intestine has been studied in the intact rat. 

2. The stomach absorbs glucose at a rate which is independent of the 
concentration of glucose given over the range studied. 

3. The absorption of glucose by the small intestine increases with increasing 
intestinal loads over the range studied (170-635 mg). 

4. Even at high intestinal loads most of the glucose can still be absorbed by 
the first half of the small intestine. 

5. When two-thirds of the small intestine is removed, the residual small 
intestine can still absorb glucose at a rate of some 200 mg/hr. 

6. It has not proved possible to saturate the absorptive capacity of the 
small intestine of the rat for glucose. As stronger solutions are introduced into 
the stomach, gastric emptying becomes slower and glucose is delivered to the 
small intestine at a rate which is less than its maximum absorptive capacity. 


7. The delay in gastric emptying due to hypertonic sugar solutions seems to 
be more than a simple osmotic effect. 


We are grateful to Mrs Beryl Godfrey, Miss Shirley Thomas and Miss June Edwards for technical 
assistance, and to Professor L. J. Witts in whose department this work was done. 
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THE REFRACTORY PERIOD OF THE SENSORY SYNAPSES 
OF THE LATERAL GENICULATE NUCLEUS 


By P. 0. BISHOP anv W. A. EVANS 


From the Brain Research Unit, Department of Physiology, 
University of Sydney 


(Received 30 May 1956) 


The character of the recovery of excitability in an axon following the discharge 
of an impulse has been the subject of intensive study and the essential features, 
both in the case of peripheral axons and some at least of the central axons, are 
now well known. Equally intensive studies have been made of the recovery of 
excitability of the structures associated with synaptic transmission, namely 
the presynaptic endings and the post-synaptic cell body, dendrites and initial 
portion of the axon, but there is still much that is obscure particularly in 
regard to the first few milliseconds of the recovery cycle as the structures con- 
cerned are passing out of the absolutely and relatively refractory periods. 
Although there are many indications in the literature that sensory neurones 
have an extremely brief absolutely refractory period, the only systematic 
studies that have been made on these problems concern the motoneurones of 
the spinal cord (cf. particularly Brooks, Downman & Eccles, 1950a, b; 
Eccles, 1955; Lloyd, 1951) and brain stem (Lorente de Né, 19356; Lorente de 
N6é & Graham, 1938). The present study, which is concerned with the sensory 
synapses of the dorsal nucleus of the lateral geniculate body, is limited to the 
recovery from the refractory state. The later stages of the recovery cycle will 
be dealt with elsewhere (P. O. Bishop & R. Davis, to be published). 

In the case of axons, recovery of responsiveness can be used as a measure of 
recovery of excitability by reference to the unconditioned shock-response 
curve (Graham & Lorente de N6é, 1938). With the synapse, however, the 
amplitude of the presynaptic volley is more directly a measure of the stimulus 
applied to the post-synaptic cells than is the strength of the shock applied to 
the presynaptic fibres. Hence the degree of recovery of responsiveness, as 
indicated by the amplitude of the post-synaptic discharge, can be translated 
into excitability terms by using the curve relating the amplitudes of the 
unconditioned presynaptic and post-synaptic volleys. In this way allowance 
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may be made for fluctuations in the excitability of the presynaptic pathway 
during the recovery process. The main limitation of this method of analysis 
relates to the uncertainty associated with subliminal fringe excitation. The 
basic assumption is made that in the case of the lateral geniculate nucleus the 
subliminal fringe associated with a smaller presynaptic volley is completely 
discharged by a larger independent presynaptic volley. In other words, it is 
assumed that as the presynaptic volley grows in amplitude the geniculate cells 
are progressively brought into the discharge with no ‘islands’ of subliminal 
fringe excitation remaining; so that a second testing presynaptic volley, if 
sufficiently smaller than the conditioning volley, will find that all the geniculate 
cells with which it makes synaptic contact are recovering from discharge. This 
problem will be analysed in more detail later (see Discussion), but the evidence 
available here does not provide a conclusive answer. 


METHODS 

Adult cats were used in all experiments, and were anaesthetized with intraperitoneal allobarbitone 
(Dial, Ciba, 0-5 ml./kg). Very occasionally an additional small amount (totalling 0-3 ml.) of 
intravenous sodium pentobarbitone (Sagatal, May and Baker) was necessary during the course 
of the experiment, The cats’ body temperature, read with a rectal thermometer, was controlled 
within normal limits (38-39° C) with the aid of an electric heating blanket. The general methods 
used have already been adequately described in previous communications from this laboratory 
(cf. particularly Bishop, Jeremy & Lance, 1953). The eyeball was resected and the optic nerve 
prepared for stimulation by being suspended clear of orbital tissue. The response of the opposite 
lateral geniculate body was recorded by means of a steriotaxically directed steel micro-electrode 
introduced down through the intact cerebral cortex. In this investigation a new stereotaxic 
instrument was used which made use of the Horsley-Clarke system of coordinates in a new way. 
Using this new instrument and a somewhat different technique the lateral geniculate body was 
generally found to occupy a position about 1-0-1-5 mm posterior to that indicated in an earlier 
study (Bishop & McLeod, 1954). 


RESULTS 


The notation used for referring to the principal structures contributing to the 
wave form of the geniculate response following optic nerve stimulation will be 
the same as that given in an earlier publication (Bishop & McLeod, 1954). Thus 
the term ‘contralateral t,’ refers to the group of fibres of larger diameter in an 
optic tract that have come from the contralateral optic nerve, and ‘contra- 
lateral r,’ the corresponding post-synaptic neurone with its cell body in the 
lateral geniculate and its axon proceeding in the optic radiation to the cerebral 
cortex. Since the investigation reported here has been restricted to the fibres 
that have crossed in the chiasma, it will be convenient for our present purposes 
to refer to the contralateral t, fibres simply as t, fibres and similarly with r,. 
The form of the potentials associated with synaptic transmission in the lateral 
geniculate have already been analysed in detail (Bishop, 1953; Bishop & 
McLeod, 1954). The wave form of a typical response restricted to t, fibres is 
shown in the tracings of Fig. 1. Within the geniculate the arrival of the t, 
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volley is recorded as a positive-negative diphasic spike, followed after a short 


delay by the post-synaptic discharge represented by the negative-positive 
diphasic spike (r,). Usually the terminal positivity of the r, spike is of fairly 
low amplitude. 


Selection of recording site and quantitative analysis of wave form 

In each experiment a recording site in the geniculate body was chosen so that the wave form 
of the response to the t, impulses was convenient for measurement and relatively uncomplicated 
by t, impulses. In determining the recovery of the synapses from the refractory state, it is clear 
that the potentials following the r, spike of the conditioning response form the base line upon which 
the test response is written. Usually a recording site could be found such that, with a conditioning 
shock close to maximal for t, fibres, this base line was reasonably flat. In Fig. 3 A, the conditioning 
response (C.R.) was maximal for t,. Occasionally the first response of the repetitive discharge 
(Bishop, Jeremy & McLeod, 1953) was troublesome and sometimes the r, spike had a fairly 
pronounced terminal positivity (C.R., Fig. 3 B). 

Using histological controls, studies in this laboratory have shown that, in general, recording 
from within the cell layers of the geniculate body, the t, component of the wave form increases in 
amplitude as the recording site moves laterally and posteriorly. This increase in amplitude is 
largely confined to the t, negativity and the positivity may show a relative decrease. A similar 
change may be noted as the electrode is inserted from above downwards through the cell layers 
along a single electrode track. In general, also, the reverse is true with respect to the response by 
the cells in the geniculate, the r, spike being more prominent anteriorly and medially. The t, and t, 
fibres are not evenly distributed within the geniculate body. In the case of the contralateral fibres 
the response to t, impulses predominates anteriorly, the t, component being relatively minor. The 
t, fibres are distributed to more posteriorly placed situations, although the t, contribution is 
always prominent. In the case of the ipsilateral fibres, however, the t, contribution at all re- 
cording sites is always more prominent than that of t,, although again t, increases posteriorly. 

In order to minimize the complication due to t, potentials the micro-electrode was usually 
inserted at approximately the junction of the anterior two-fifths and the posterior three-fifths of 
the antero-posterior extent of the lateral geniculate body and at approximately the mid point of 
its medio-lateral extent. Small adjustments of the electrode position in this general location 
enabled the typical wave forms used to illustrate this paper to be obtained. However, the results 
obtained at a variety of positions were similar so that there is no reason to suppose that the actual 
recording sites chosen had any significance beyond convenience of measurement. 


The tracings of Fig. 1 show the way in which the various measurements were 
made. In Fig. 1 A, two tracings of a typical response have been superimposed, 
one showing the response to a single sub-maximal shock applied to the optic 
nerve, and the other the same response in which the synapses have been 
blocked by preceding repetitive stimulation (Bishop & McLeod, 1954). In the 
latter instance the r, spike is replaced by the slow synaptic potential s,. The 
peak-to-peak amplitude of the tract spike was used rather than the amplitude 
of the negative component because it was easier to measure and generally 
more satisfactory for the purposes of the present study. In regard to the r, 
spike, however, the measurement of the negative component was found to be 
more satisfactory than the peak-to-peak measurement. It has already been 
observed (Bishop & McLeod, 1954) that the peak of the positive-going dip 
between the t, and r, spike negativities bears a fairly constant relationship to 
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the pre-stimulus base line, changing little with wide variations in stimulus 
strength and physiological state of the preparation. The r, spike was measured 
from this point (labelled a in Fig. 1A) because not infrequently the pre- 
stimulus base line was unsatisfactory as a reference level. 


ul 


Fig. 1A: tracing of a typical lateral geniculate response to a t, afferent volley showing how the 
measurements were made. t,, presynaptic spike; r, post-synaptic spike; s, superimposed 
synaptic potential; B: tracings from another preparation with the conditioned test response 
superimposed upon the terminal part of the wave form of the conditioning response to show 
how corrections were made for the fluctuating base line. Time marks, 0-2 and 1-0 msec. 


Fluctuations in excitability of geniculate neurones 

The geniculate responses were always obtained against a background of 
‘spontaneous’ slow fluctuations of potential and the responses themselves 
showed ‘random’ fluctuations in amplitude. As might be expected the 
amplitude of the t, spike in response to a constant stimulus was usually fairly 
stable, but occasionally the r, spike showed quite marked fluctuations. This is 
well shown in the top record of Fig. 3B, in which ten successive responses have 
been superimposed. Usually, however, for a given level of anaesthesia, the 
fluctuations of the r, spike, expressed as the standard deviation of its amplitude, 
remain fairly constant despite a progressive increase in the height of the r, 
spike with increasing t, volleys, so that the ratio of the standard deviation to 
the amplitude of the r, spike progressively diminishes as the stimulus is 
increased. 

With the levels of anaesthesia used in this series of experiments the mean 
standard deviation of the r, fluctuations expressed as a percentage of the 
maximal r, spike was 3-4, 3-5 and 3-9 % respectively in three different animals. 
A testing shock which was about 50° maximal for t, usually gave a response 
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whose amplitude, though small in relation to the conditioning response, was 
nevertheless large enough for measurement and sufficiently constant. 

Random fluctuations in the amplitude of the response are reduced by in- 
creasing the depth of anaesthesia. Thus in one preparation using an 85%, 
maximal r, spike the standard deviation of the fluctuations (expressed as a 
percentage of the maximal r, spike) was 5-3 and 2-6 % respectively immediately 
before and after intravenous administration of 0-5 ml. of Sagatal. However, it 
was decided to work with the animal as lightly anaesthetized as possible and 
to rely on a sufficiently large number of records to offset the fluctuations. The 
depth of anaesthesia was usually not more than was necessary to prevent 
reflex movements when the optic nerve was stimulated. 


Spontaneous background activity usually shifted the response bodily up or down the cathode- 
ray tube screen without significantly affecting the wave form. For this reason the superimposition 
of successive traces, as shown in Fig. 3 B, in order to obtain a mean response, had a rather limited 
usefulness owing to the great increase in the width of the combined trace that frequently occurred. 
The experiment illustrated in Fig. 3 B was, however, reasonably successful from this point of view, 
each trace being obtained by superimposing ten consecutive geniculate responses. Usually, 
however, mean amplitudes were obtained from a number of individual responses at each interval 
between the conditioning and testing shocks. The latter were increased by small steps to give a 
large number of records. Unconditioned testing responses were always taken before and after 
each group of conditioned responses to make allowance for any change that may occur during the 
course of the experiment. Using the photographic enlarger, a large number of conditioning 
responses, similarly taken at intervals during the experiment, were superimposed to give a mean 
conditioning response. Significant points on this mean curve were checked by measurement of 
the individual records. As shown in Fig. 1 B, the conditioned testing responses were each projected 
upon this mean curve so that, in measuring the amplitudes of the t, and r, spikes, corrections 


could be made for irregularities in the base line provided by the conditioning response. Usually, — 


however, only small corrections were necessary as a base line similar to that shown in Fig. 3 A was 
obtained. 


Recovery from the refractory state 

Because of the variability of the response under constant experimental 
conditions, and the long interval (5sec) which had to be allowed for full 
recovery between trials, it was not practicable to use methods in which the 
strength of the test shock has to be adjusted to give a constant response 
(either pre- or post-synaptic) at each chosen value of the interval between 
conditioning and testing shocks. We therefore measured both the pre- and 
post-synaptic responses to a test shock of constant strength applied to the 
optic nerve. This means that the effective ‘stimulus’ applied at the synapse, 
which, as pointed out earlier, is better measured by the amplitude of the 
presynaptic spike than by the strength of the test shock, was not constant but 
varied with the degree of recovery of the presynaptic fibres. The curve of 
recovery of responsiveness obtained in this way may be spoken of as the 
‘functional recovery cycle’ because it is not directly comparable to the curve 
obtained for axons by the methods commonly used. This arises from the fact 
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that the time taken for the recovery of the t, spike of the test response is also 
available for the recovery of the post-synaptic cells, so that it is possible that 
the r, spike of the test response might be relatively smaller at a given shock 
interval if the t, test spike could have been made constant throughout the 
recovery cycle. The degree of recovery of a test response at a given shock 
interval may be estimated by reference to the unconditionéd t,/r, curve, but 
corrections for the variations in the size of the t, volley in this way do not 
provide information about the degree of recovery that would have occurred 
had the afferent volley been kept constant. The ‘functional recovery cycle’ 
is thus concerned with the presynaptic fibres as well as the post-synaptic cells. 
The curves of Fig. 5 have been presented without correction for the degree of 
recovery of the presynaptic fibres. 

In the case of the lateral geniculate synapses the graph relating the ampli- 
tudes of the presynaptic and post-synaptic spikes is approximately linear at 
levels of afferent stimulation from threshold upwards till the shock is close to 
maximal for t, fibres (Bishop & McLeod, 1954). It is clear that if the graphs are 
to be used to correct for variations in the size of the t, spike they must remain 
unchanged throughout the experiment and, furthermore, the parameters of the 
unconditioned test response must be constant and remain consistent with the 
t,/r, curve for that position. If these criteria are not fulfilled a spurious super- 
normality or subnormality may be introduced into the recovery phase of the 
geniculate synapses. Occasionally the curve of the t,/r, relationship deviates 
from a linear relationship: but whatever its form it was found to remain 
constant for a particular recording site, provided the preparation remained in 
good condition. | 

Curves b of Fig. 2, which were constructed from records taken at the same 
recording site, show the usual nearly linear t,/r, relationship. The oscillograph 
traces for each curve took about one hour to record, starting about three hours 
later for the second curve than for the first. Curves a, obtamed from another 
preparation and again separated by an interval of three hours, illustrate the 
constancy of the t,/r, relationship even when this deviates more markedly 
from linearity. An experiment yielding such a curve would, however, not be 
regarded as satisfactory for the purpose of this study unless the amplitude of 
the unconditioned test response was small enough not to correspond to the 
portion of the curve where the r, spike changes rapidly for a small change in t,. 
Usually the wave form of the geniculate response was chosen to give the curve 
a slope of approximately 45°. Each point in Fig. 2 represents the mean of 
(usually) six records. 

In the case of myelinated axons the period of latent addition of stimuli is 
much shorter than the duration of the absolutely refractory period. Thus, in 
studying the recovery from the refractory state, as long as the conditioning 
shock is greater than the testing shock, the latter will not activate fibres which 
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had not previously been discharged. In the case of synapses, however, the 
duration of the oats potential will ensure that cells subliminally excited by 
the conditioning volley will retain an enhanced excitability for some time 
after the presynaptic fibres have largely recovered to normal. By intracellular 
recording Brock, Coombs & Eccles (1952a) found that the synaptic potential 
of spinal motoneurones had a duration of about 14 msec. Even with a shock 
supramaximal for both the t, and t, groups applied to the optic nerve, the 


> 


Fig. 2. Data from two preparations (a, top pair, and b, bottom pair) showing the relationship 
between the amplitudes of the t, and r, spikes in response to increasing afferent stimulation. 
An interval of 3 hr elapsed between the curves in each preparation. Abscissae and ordinates 
in arbitrary units. 


possibility of a small subliminally excited fringe is difficult to exclude, Such a 
large stimulus cannot be employed, however, because the testing response 
would be obscured by the t, conditioning response. In order to minimize the 
possibility of subliminal fringe excitation, the conditioning shock was always 
made as large as possible and the testing shock as small as possible. 


Absolutely refractory period 
The absolutely refractory period of the mechanisms concerned in synaptic 
transmission through the geniculate was determined by progressively in- 
creasing the interval between conditioning and testing shocks in the usual way 
and ascertaining the least interval at which the latter produced an r, spike. 
In ten preparations the absolutely refractory period measured as the least 
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shock interval varied from 0-70 to 0-92 msec (mean 0-81 msec). Typical 
experiments are illustrated in Fig. 3 A, B. Whenever the t, spike could be 
discerned with reasonable assurance it was always followed by a clear r, spike. 

The optic nerve at the site of stimulation was, however, suspended in air 
and so must have been at a temperature less than that of the brain. Lowering 
the temperature increases the absolutely refractory period of nerve fibres 
(Amberson, 1930), By stimulating the optic tract fibres within the brain, 


Fig. 3. Recovery of responsiveness in two preparations A and B. C.R., conditioning response ; 
T.R., unconditioned test response. Shock intervals in msec are indicated in each case. 


Bishop, Jeremy & Lance (1953) showed that the absolutely refractory period 
of the t, fibres was about 0-47 msec. It remained a possibility therefore, that 
the absolutely refractory period of the t, spike may be briefer than that of the 
r, spike at normal body temperature (38-39° C). In order to test this pos- 
sibility, stimulating electrodes were placed in the optic tract about 10 mm 
from the nucleus and the geniculate response was recorded as before. In the 
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experiment illustrated in Fig. 4, both a t, and an r, response (indicated by 
arrows) were clearly present at a shock interval as brief as 0-65 msec. It is 
obvious that it would be difficult to be sure of an earlier appearance on the 
part of the t, spike because it would fall near the peak of the conditioning r, 
spike which itself may show small ‘spontaneous’ fluctuations. Although the 
two spikes could not be consistently observed at shock intervals less than 
0-65 msec it was nevertheless possible to discern an r, spike as early as 0-6 msec. 


Fig. 4. Absolutely refractory period Of geniculate synapses. Responses to t, volleys initiated by 
stimulating the fibres close to the geniculate, T.R., unconditioned test response; (.K., 
conditioning response; 0-65, shock interval in msec. 


The slowing in the conduction time of the t, spike at the least shock interval 
at which a measurement could be made (0-65 msec) was about 0-25 msec. This 
measurement is necessarily rather uncertain, but it is unlikely to be far astray 
because, as can be seen from Fig. 4, the increased latency of the peak of the 
r, Spike was no more than about 0-3 msec, a value which includes the increased 
delay associated with the generation of the post-synaptic response as well as 
that due to slowed conduction in the presynaptic pathway. Thus with a pre- 
synaptic pathway of about 10 mm the absolutely refractory period of the 
synapse was slightly less than 0-85 msec. It is probable, however, that the 
geniculate synapses have an absolutely refractory period less than this, approxi- 
mating to that of the presynaptic fibres (0-47 msec, Bishop, Jeremy & Lance, 
1953), but it would be necessary to reduce the length of the presynaptic path in 
order to demonstrate it. This would introduce the possibility of direct stimula- 
tion of the sensory neurones. 
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Relatively refractory period 
The way in which the response recovers to normal during the relatively 
refractory period of the tract fibres is illustrated in the two series of records, 
A and B of Fig. 3, taken from different preparations. As the interval between 
the conditioning and testing shocks is increased the t, and r, spikes grow in 
amplitude together, their percentage recovery being closely similar until 
supernormality on the part of the r, response supervenes. Thus in series A at 


Fig. 5. Percentage recovery of responsiveness following conditioning on the part of the t, (pre- 
synaptic) and r, (post-synaptic) components of the geniculate response in two preparations 
(a, top pair and b, bottom pair). Abscissae, shock interval in msec. 


0-82 msec t, is 24% recovered and r, is 28% recovered. The corresponding 
figures for the traces at the other intervals used in the illustration are: 
0-85 msec, 40 and 45°; 0-95 msec, 60 and 58%; 1-33 msec, 77 and 102%, 
and 1-63 msec, 100 and 125%. In this series the t, spike of the unconditioned 
test response is 55° maximal. The recovery shown in series B is similar. 

In Fig. 5 the percentage recovery of the t, and r, components in two 
preparations, a and b, is plotted against time. The traces shown in Fig. 3 B 
were taken from the same series used to provide the data for the curves b of 
Fig. 5. It can be seen from Fig. 5 that in each case the t, and r, spikes recover 
back to normal at roughly the same rate. The time taken for the t, spike to 
recover varied from 1-4 to 2-0 msec (mean 1-7 msec) and the corresponding 
figures for the r, spike were from 1-35 to 1-85 msec (mean 1-6 msec). Thus the _ 
t, and r, spikes had always returned to normal -by 2 msec and with one 
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exception (Fig. 6b) the r, spike recovered earlier than the t, spike. The 
conduction velocity of the afferent volley returned to normal with the recovery 
of spike amplitude so that no correction for delayed conduction was necessary 
(cf. Graham & Lorente de Né, 1938). These recovery times are likely to be 
slower than normal, however, by reason of the fact that the optic nerve was 
cooler than the normal body temperature. 

Following the return to normal the t, fibres exhibit a prolonged phase of 
supernormality, only the initial portion of this phase being shown in Fig. 5 
(cf. Bishop, Jeremy & Lance, 1953). Similarly, the geniculate cells exhibit a 
phase of supernormality, but it is clear that the greater part of this super- 
normality is to be attributed to the increase in the number of optic nerve 
fibres stimulated by the test shock during the supernormal period of the nerve. 
There is, however, a definite though short-lived phase during which the r, 
response is increased by an amount which cannot be accounted for by an 
increased afferent discharge. As has already been observed this super- 
normality on the part of the geniculate cells actually begins while the optic 
nerve fibres are still relatively refractory, generally commencing when the 
interval between conditioning and testing shocks is little more than 1 msec. 
The r, response is regarded as supernormal if it has an amplitude greater than 
that appropriate to the amplitude of its t, spike as determined from the un- 
conditioned t,/r, curve. The detailed description of the supernormal phase in 
the recovery of the geniculate synapses is reserved for a later paper (P. 0. 
Bishop & R. Davis, to be published). 

The relationship between the recovery of the tract fibres and that of the 
geniculate cells is also illustrated in the graphs of Fig. 6. Graphs (a) and (b) 
relate to one preparation and (c), (d) and (e) to another, the abscissae and 
ordinates in each case being plotted in common but arbitrary units. The points 
determining the graphs (a) and (b) represent the mean of 4 or 5 traces, while 
those for (c), (d) and (e) were obtained from the superimposed traces. Selec- 
tions from the latter form the series of Fig. 3 B. Graphs (a) and (c) indicate the 
relationship between the amplitudes of the t, and r, spikes of the unconditioned 
response at different levels of afferent stimulation. For easy comparison these 
graphs (i.e. a and c) have been drawn in on (b) and (d) respectively as broken 
lines. The open circles in graph (b), obtained from records of the unconditioned 
response to increasing afferent stimulation taken at the end of the particular 
experiment, again illustrate the constancy of this t,/r, relationship. Graphs 
(b), (d) and (e) show the relationship of the amplitudes of the t, and r, spikes 
of the conditioned response as it recovers through the relatively refractory 
period of the tract fibres. The points shown as dots surrounded by a circle, in 
each case indicated by an arrow, represent the mean unconditioned test 
response. In the curves shown the response has been followed until the t, 
spike has recovered approximately to normal, the longest interval between the 
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conditioning and testing shocks, however, being still less than 2 msec in each 
case. In the early phases of the relatively refractory period the tract fibres 
and the geniculate cells recover in such a way that the slope of the t,/r, graph 
is the same as that obtained by increasing afferent stimulation without 
conditioning. In other words, the synapses behave as though they had not 
been conditioned but were responding normally to increasing afferent 
stimulation. 


Fig. 6. Relationship between amplitude of presynaptic spike (t,) and post-synaptic spike (r,) in 
two preparations, (a) and (b) on the one hand, (c), (d) and (e) on the other. (a) and (c), relation- 
ship with increasing stimulus strength applied to the optic nerve. (b), (d) and (e), relationship 
during recovery of responsiveness following conditioning. For details see text. Abscissae and 
ordinates in arbitrary unite. 


In the later stages of the t, spike’s recovery to its unconditioned amplitude 
the conditioned t,/r, graph almost invariably diverged upwards from the 
unconditioned t,/r, graph (Fig. 6 d) indicating a relative supernormality on the 
part of ther, spike. Moreover, this supernormality on the part of the geniculate 
cells was still present even after the tract fibres had themselves become super- 
normal and due allowance had been made for the latter circumstance. The 
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degree of absolute r, supernormality was, however, very variable and never 
very large. In only one instance (Fig. 6 b) did the curve diverge downwards 
before the t, spike had recovered back to its unconditioned amplitude. Even 
in this case the two curves coincided until the t, spike was approximately 
50% recovered. 

Fig. 6 e requires a brief comment. It will be seen that a larger test response 
was used for (e) than for (d). Graph (e) was, however, constructed from records 
obtained at the end of the experiment and presumably the electrode had moved 
slightly before they were taken because the mean unconditioned response no 
longer fell on the line of graph (c). However, in this case also there was ap- 
parently some degree of r, supernormality because the curve passes upwards 
to the left of the mean unconditioned response. 


Fig. 7. Repetitive stimulation. (a), individual geniculate response to show the wave form. 
(b), time scale for (a), 0-2 msec. (c), (f) and (i), (j) and (k), repetitive geniculate responses to 
eight afferent volleys: (i), (j) and (k), responses to increasing stimulus strength with shock 
intervals kept constant. (d), (g) and (1), verticals indicating the actual intervals between the 
stimuli in each tetanus. Corresponding time scales; (e), 900 o/s; (h), 1000 o/s; (m), 1100 o/s. 


Repetitive stimulation 

The properties displayed by the geniculate synapses during their recovery 
from stimulation are well illustrated by using high rates of repetitive stimula- 
tion. In Fig. 7 the lateral geniculate has been activated at successively in- 
creasing rates using groups of eight afferent volleys in each case. Record (a) 
shows the form of an individual geniculate response on an expanded time base 
corresponding to scale (b) (each division 0-2 msec). In (c) the geniculate has 
been activated by afferent volleys at 920/sec, the verticals of (d) indicating the 
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actual times at which the stimuli were applied to the optic nerve and (e) being 
a corresponding 900/sec time scale. The two remaining groups of traces, (f), (g) 
and (h) on the one hand and (i), (j), (k), (1) and (m) on the other, are to be 
interpreted in the same way, the rate of stimulation in the former being 
1024/sec (time scale h) and in the latter 1170/sec (time scale m). In (c) the r, 
spike of the geniculate response is well maintained for the first three tract 
volleys, but thereafter rapidly declines to fail with the sixth volley. The t, 
spike also declines somewhat over the series, but the marked reduction of the 
eighth t, spike in comparison with its immediate predecessor is to be attributed 
to the fact that, owing to an instrumental error, the interval between the 
seventh and eighth stimuli is rather less than those in the remainder of the 
tetanus. In (f) the t, spike is again fairly well maintained during the tetanus 
even although the rate of stimulation is now greater than 1000/sec and a small 
r, spike still survives with the sixth stimulus. It must always be borne in 
mind that the actual decline of the r, spike is less than is at first apparent in 
proportion to the failure of the t, spike. At 1170/sec the responses in (i) show 
alternation, the first, third, fifth and seventh t, spikes being well maintained 
with the corresponding r, spikes declining more markedly over the series. The 
alternate stimuli, second, fourth, etc. give rise only to very small and barely 
recognizable responses, again declining over the series. In (j) and (k) the 
stimulus strength has been successively increased. It will be seen that, al- 
though alternation is still present, the stimulus strength now becomes sufficient 
to produce a very much larger second response, the remainder of the tetanus 
being much the same as before. In the case of the increasing second response 
both the t, and the r, components grow in proportion. 

Thus with the very rapid rates of repetitive stimulation used above, each of 
the first three responses behave more or less as a unit, the t, and r, components 
increasing or decreasing in proportion. It will be shown in a later paper that 
the much more rapid failure of the r, spike in the later responses is due to the 
fact that in the case of the geniculate cells the negative after-potential is 
short-lived and of low amplitude, rapidly reversing to a deep and prolonged 
positive after-potential. By contrast the tract fibres have a relatively long- 
lasting large-amplitude negative after-potential and a very shallow positive 
after-potential (Bishop, Jeremy & Lance, 1953). 


| Synaptic and peak delays 
In order to make a more detailed comparison between the recovery of the 
geniculate response during the refractory period with the response following 
increasing afferent stimulation without conditioning, the synaptic and peak 
delays were measured in both circumstances. The synaptic delay, which here 
is regarded as the interval between the point at which the t, spike crosses the 
base line from positive to negative on the one hand to the beginning of the 
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r, Spike (a in Fig. 1 A) on the other, has a normal value of about 0-3 msec 
(Bishop & McLeod, 1954; cf. also Brock, Coombs & Eccles, 19526). It should 
be noted that both Lorente de Né (1938) and Renshaw (1940) have used the 
term ‘synaptic delay’ to denote the time interval between the arrival of the 
presynaptic impulses and the commencement of the post-synaptic propagated 
discharge. The latter definition includes the utilization time of the synaptic 
potential as well as the interval regarded as the synaptic delay in the present 
study. The term ‘peak delay’ is here used to denote the interval between the 
peaks of the t, and r, negativities respectively. The value of 0-7 msec given by 
G. H. Bishop & Clare (1953) for the synaptic delay in the lateral geniculate 
presumably represents a peak delay time, though this is rather longer than 
that found in the present study. 

In two preparations (A and B) the synaptic and peak delays were measured 
both in the unconditioned response with increasing afferent volleys and also in 
the conditioned response as it recovered from refractoriness. In both prepara- 
tions the unconditioned synaptic delay became more constant with increasing 
stimuli, though in A remaining about 0-27 msec while in B decreasing from 
0-27 msec with small stimuli to 0-24 msec with maximal t, volleys. During 
recovery from refractoriness the corresponding delays were 0-27 msec in each 
case without any significant decrease as recovery progressed. The values for 
the peak delays showed a fairly wide scatter both at lower levels of stimulation 
without prior conditioning and also during the early part of the relatively 
refractory period. With increasing stimulation on the one hand and recovery 
from refractoriness on the other the peak delay times became very much more 
constant. The mean values of the peak delay times with maximum un- 
conditioned t, volleys (A, 0-57 msec and B, 0-51 msec) were approximately at 
the lower limit of the scatter of the delay times at threshold, the mean decrease 
being of the order of 0-1 msec. Throughout the refractory period the peak delay 
times showed a fairly wide scatter but the values were approximately the same 
as for the unconditioned response, again decreasing slightly as recovery pro- 
ceeded. As the synaptic delay is fairly constant and unaffected by refractor- 
iness, the relative lability of the peak delay time is probably due to variations 
in the utilization time of the synaptic potential. 


DISCUSSION 
In his study of the refractory period of ocular motoneurones Lorente de Né 
(19356) assumed that the testing volley reached the synapse ‘without ap- 
preciable delay’ and he therefore concluded that the absolutely refractory 
period was 0-6 msec. The presynaptic pathway in his case was also about 
10mm in length (Lorente de N6, 1936a). From the present study it is, 
however, clear that the major part of the increased latency of the post- 
synaptic spike of the test response is to be attributed to slowed conduction in 
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relatively refractory presynaptic fibres. This fact allows agreement to be 
achieved between Lorente de N6’s findings and those reported here. Together 
they place an upper limit of about 0-85 msec for the absolutely refractory 
period of oculomotor and geniculate synapses. The absolutely refractory period 
of the synapses on spinal motoneurones has been shown by Lloyd (1943) and 
Brooks, Downman & Eccles (1950a) to be rather longer than this, probably 
about 1-5 msec. These investigators used an antidromic conditioning volley 
followed by an orthodromic testing volley, but allowance had to be made for 
the failure of some of the antidromic impulses to invade the cell body. 

It has been assumed above that all the geniculate neurones contributing to 
the test response had previously been discharged by the conditioning volley. 
With his preparation Lorente de Né (19355) was able to ensure that this was 
the case, but his method is not applicable to the lateral geniculate because of 


the complication due to t, impulses. Indirect evidence is, however, available 


which indicates that the conditioning volley probably does not leave any 
subliminally excited cells available to the testing volley. The fluctuations in 
the excitability of the neuroneslying ina subliminal fringe make them generators 
of ‘random’ potentials. If islands of subliminally excited cells remain as an 
unconditioned r, response grows in amplitude, the standard deviation of the 
fluctuations of the r, spike will, assuming the fluctuations to be random, be 
given by the expression 


where o =standard deviation of the fluctuations due to the individual island 
generators. Even if the r, fluctuations are not truly random the standard 
deviation is still likely to show a progressive increase as the r, spike grows in 
amplitude because each increment of r, would add further neurones to a 
growing subliminal fringe. 

In five experiments on three cats the relationship of the mean r, responses to 
their respective standard deviations were examined. In no case did the 
regression coefficient of the standard deviation on the mean r, response 
approach the 5% significance level. In one experiment the regression co- 
efficient was negative (P =0-07), indicating that there was a tendency for the 
standard deviation to diminish as the mean r, response increased. In two 
experiments on the second cat the probability of the regression coefficient 
differing significantly from zero was 0-50 and 0-23 respectively, indicating that 
the fluctuations in the standard deviation were entirely random over the range 
of mean r, values. In two experiments on a third cat there was some suggestion 
of a positive association between the standard deviation and the mean r, 
values (P =0-06 and 0-10) with the possibility of an increase of about 10% in 
the value of the standard deviation for unit increase in the mean r, value. 
Thus if one assumes that, at any level of afferent stimulation, cells which may 
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form islands of subliminal excitation are randomly distributed (from the 
point of view of excitability) among the other cells in the subliminal fringe 
which would eventually be added to the response by increasing the afferent 
stimulation, then the above analysis indicates that subliminal fringe ex- 
citation plays, at most, a negligible part in the responses during recovery from 
refractoriness. Such an analysis, however, must face the criticism that it is 
difficult to gauge the extent of a subliminal fringe in which there may be cells 
whose excitability is sufficiently below the discharge level for them to play no 
part in the random variations of the response, but which may still be brought 
to discharge by a summation of synaptic potentials. Furthermore, the cells 
which may form islands of subliminal excitation could well belong largely to 
the latter category. However, studies on the supernormal period in the 
recovery cycle of the geniculate synapses carried out in this laboratory 
indicate that the total subliminal fringe is probably very little larger than 
that suggested by the analysis of random variations above. In addition it has 
been shown that the increase in the r, spike of the test response due to super- 
normal excitability on the part of the geniculate neurones is again independent 
of the amplitude of the r, response over a fairly wide range of afferent bom- 
bardment. The increase in the r, spike due to supernormal excitability is 
again a measure of the size of the available subliminal fringe. Hunt (1955) has 
recently shown that the standard deviation of the variations of the response 
amplitude of unconditioned spinal motoneurones due to excitability fluctua- 
tions is also constant over a considerable range of afferent stimulation. 

The curves of Fig. 6 indicate that relatively little spatial summation is 
required to discharge geniculate neurones. A post-synaptic discharge can 
usually be seen to follow a threshold or near-threshold t, response and there- 
after the r, response increases in amplitude along with the tract spike. Variations 
in the geniculate discharge however indicate the presence of a subliminal 
fringe. It is likely, therefore, that there is a fairly steep gradient of synaptic 
effectiveness on the part of those t, fibres associated with the neurones that 
are close to and in the subliminal fringe. During the first half or more of the 
phase of recovery from the refractory state the geniculate response behaves 
both in respect to amplitude and time relations as though it had not been 
conditioned and was simply responding to increasing afferent bombardment. 
Even during the later stages of the recovery to normal amplitude on the part 
of the tract spike, the r, response does not deviate very much from the response 
that would be expected from such a t, volley without conditioning. These 
observations mean that, in the case of the unconditioned response, the greater 
part of the tract volley must provide a stimulus which is well above threshold 
for the corresponding geniculate neurones because even during the recovery 
from refractoriness, at a time when those tract fibres which have commenced 
to respond again require a stimulus much greater than normal, the t, volley 
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nevertheless discharges the usual number of geniculate neurones. Such a 
comparison between recovery of tract fibres and geniculate neurones cannot 
be pressed too far, however, not only because the nature of the stimulus in 
each case is so different but also because delayed conduction in relatively 
refractory tract fibres allows the corresponding geniculate neurones somewhat 
longer to recover. Nevertheless, the recovery of the geniculate neurones must 
have been well advanced by the time the first tract volley is able to reach the 
nucleus, because a synaptic potential set up during the refractory period of 
the geniculate neurones would have the effect of prolonging their refractoriness. 
Eccles & Kuffier (1941) and Kuffler (1942) showed that the end-plate potential 
set up by a conditioning nerve impulse at the striated neuro-muscular junction 
lengthens the muscle refractory period. Blair & Erlanger (1933) had earlier 
found that a nerve’s refractory period is lengthened by a brief intercurrent 
cathodal polarization. The end-plate potential and the synaptic potential 
represent cathodal polarizations at their respective junctional regions. 

A further indication of the powerful nature of the geniculate relay is 
revealed by the fact that, in the case of spinal motoneurones (Coombs, Eccles & 
Fatt, 1955), a presynaptic volley only begins to produce a synaptic potential 
in an antidromically activated motoneurone at the end of the cell body spike 
potential and even after 5 msec from the start of this spike the synaptic 
potential produced by the orthodromic volley is still only 70% recovered. 


SUMMARY 


1. An upper value of 0-85 msec has been set for the absolutely refractory 
period of the lateral geniculate synapses using conditioning and testing 
volleys applied to the presynaptic pathway (optic tract) about 10 mm from 
the lateral geniculate nucleus. The geniculate neurones were always capable of 
responding as soon as conduction became possible in optic tract fibres. 

2. The relatively refractory period (functional recovery cycle) was studied 
by stimulating the optic nerve. The post-synaptic spike (r,) recovered its 
amplitude at a conditioning shock-test-shock interval of from 1-35 to 1-85 msec 
(mean 1-6 msec), while the presynaptic spike (t,) took from 1-4 to 2-0 msec (mean 
1:7 msec). Supernormal excitability on the part of the geniculate neurones 
commences while the optic nerve fibres are still relatively refractory. 

3. With increasing afferent volleys the unconditioned r, spike bears a 
constant and usually linear relationship to the t, spike. A similar relationship 
also occurs during the recovery from refractoriness. Except for a small degree 
of supernormal excitability in the later stages, throughout this recovery period 
the geniculate neurones respond to recovering afferent volleys as though they 
had not previously been discharged by the conditioning t, volley: ie. the 
t,/r, relationship is unaltered. 
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4. Repetitive stimulation is used to illustrate the brief duration of re- 
fractoriness on the part of the geniculate synapses. The amplitude of the r, 
spike is well maintained for at least three successive afferent volleys at a 
stimulation frequency of about 1000/sec. 

5. The normal synaptic delay of about 0-3 msec is not affected by refrac- 
toriness. There is a slight lengthening of the peak(t,)-to-peak(r,) time which is 
attributed to an increase in the utilization time of the synaptic potential. 


The authors are grateful to Professor Sir Harold Dew for the use of laboratories in the Depart- 
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THE RELEASE OF SUBSTANCES LIKE ACETYLCHOLINE AND 
ADRENALINE BY THE ISOLATED RABBIT HEART 


By MARGARET DAY 
From the Department of Pharmacology, University of Oxford 
(Received 11 June 1956) 


Experiments which were carried out by Briscoe & Burn (1954) showed that 
when the isolated rabbit heart was perfused with Locke’s solution containing 
eserine, a substance behaving like acetylcholine (ACh) appeared in the per- 
fusate. In these experiments the fluid leaving the heart was returned to the 
reservoir and thus a limited amount of solution was continuously circulated 
for 40min. As the experiment continued the fluid increased steadily in 
stimulant action on the leech. Further, when at the end of 40 min the whole 
perfusate was concentrated, it was found to cause a fall of blood pressure in 
the cat and an inhibition of the frog heart; these effects were abolished by 
atropine. The concentrated perfusate also caused a contraction of the frog 
rectus which was abolished by tubocurarine. These observations provided 
evidence for the release of a substance like ACh. When the concentrated 
perfusate was tested on the atropinized frog heart it was found to cause an 
increase in amplitude. This suggested that the isolated rabbit heart released a 
substance like adrenaline as well. 

Further experiments have now been carried out to determine whether the 
output of the ACh-like substance was related to the rate of beating. The amount 
produced by a spontaneously beating heart was compared with that formed 
by the same heart driven electrically at a faster rate. The origin of the ACh- 
like substance has been studied by comparing the amount produced by the 
whole heart driven electrically with that produced by the ventricles alone after 
removal of the atria. Observations have also been made on the adrenaline-like 
substance formed in hearts both when beating spontaneously and when driven 
electrically. 

METHODS 


The apparatus used for the perfusion of the hearts was that described by Briscoe & Burn (1954). 
Modified Locke’s solution containing NaHCO, in the amount of 1-3 g/l. was used. This was aerated 
with @ mixture of 97% O, and 3% CO, so that the pH was 7-4, remaining constant throughout 
the experiment (Vaughan Williams, 1955). 
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After all traces of blood had been removed and the beat was well established, each heart was 
perfused for two periods of 40 min with 30 ml. of this solution containing eserine sulphate 
(4 x 10-* g/ml). In one of the 40 min periods the heart was driven electrically by means of a pair 
of platinum fish-hook electrodes inserted in the apex of the ventricles. In six of the experiments the 
heart was driven in the first 40 min period, whilst in the remainder it was driven in the second 
period. The rate of driving was about three times the spontaneous rate in the presence of 
eserine. 

When the atria were removed they were dissected away after the cannula had been tied in the 
aorta of the isolated heart. In experiments where the whole heart was perfused for 40 min before 
. removal of the atria, they were dissected away with the heart still in place in the apparatus. 

After the fluid had circulated for 40 min it was withdrawn, acidified to pH 4 and freeze-dried. 
The residue was extracted with absolute ethanol saturated with NaCl, and evaporated to dryness 
under reduced pressure at a temperature below 40° C. The residue was taken up in 2-5 ml. of a 
mixture of 1-13 ml. frog saline (0°7% NaCl) and 1-17 ml. distilled water. Each extract was assayed 
for ACh-like activity on the isolated frog heart and frog rectus muscle preparations. For the frog 
heart a glass cannula was tied in the inferior vena cava and the heart removed from the body. It 
was perfused with frog Ringer’s solution from a Marriotte bottle placed 1 m above the heart, the 
amount reaching the cannula being controlled by a piece of capillary tubing of suitable length in- 
serted in the tube leading from the bottle to the cannula. The hearts were sensitive to 0-001-0-002 pg 
ACh. 

In the experiments where the adrenaline-like substance was to be estimated the hearts were 
perfused in the same way, but the eserine sulphate in the solution was replaced by ascorbic acid 
(10-* g/ml.). In preliminary experiments the perfusion fluid was freeze-dried as before and tested 
on the isolated frog heart, the isolated rat uterus and rat colon preparations (Gaddum & Lembeck, 
1949). The frog hearts were perfused with frog Ringer’s solution containing half the usual amount 
of calcium to increase the sensitivity to adrenaline and noradrenaline. 

In later experiments it was decided to chromatograph the extracts. For each experiment two 
hearts were used, the perfusates from the two periods of driving being freeze-dried together and 
those from the spontaneously beating periods together. In three experiments both hearts were 
driven electrically in the first 40 min period, whilst in the other three both were allowed to beat 
spontaneously in the first period. The rate of driving was twice that of the spontaneous rate. After 

ing, the residues were taken up in acidified ethanol (0-1 ml. conc. HCl per 100 ml. 
ethanol) and the volume finally reduced to 1 ml. for applying to the paper. The method of chroma- 
tography was that described by Crawford & Outschoorn (1951) for adrenaline and noradrenaline, 
with the modifications suggested by Vogt (1952). Preliminary recovery experiments rarely gave 
figures below 75% and usually they were considerably higher. When the perfusion fluid was 
extracted and chromatographed without perfusing a heart, no activity was found. For assay, 
2-0 ml. of 0-7% NaCl were added to the dried eluate. The assays were made on the rat blood- 
pressure preparation for both noradrenaline and adrenaline, The rats (of either sex, weighing 
200-400 g) after being anaesthetized with ether were pithed, and artificial respiration was applied. 
To record the blood pressure a cannula was inserted into the carotid artery and connected with a 
mercury manometer, as described by Condon (1951). A small polythene cannula 0-5 mm in 
diameter was inserted into the jugular vein and was used for injections. Before the experiment 
was started heparin 1-0-1-5 mg/100 g, was injected. 


RESULTS 


Effect of rate on amount of ACh-like substance 


Eserine had the effect of slowing the spontaneously beating heart considerably, 
so that in ten experiments the mean rate was 56 beats/min, whilst the mean 
rate for electrically driven hearts was 210 beats/min. 
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Table 1 shows the results obtained. In eight experiments assays of per- 
fusates from spontaneously beating and electrically driven hearts were made 
both on the frog rectus and frog heart. In five of these both assays showed 
greater amounts of ACh-like substance in the driven than in the non-driven 
heart. In the other three, two showed less in the driven heart in the frog 
heart assay only. The figure obtained for the amount of the ACh-like sub- 
stance present was usually lower in the assays on the frog heart than on the 


Tasue 1. ACh-like activity in freeze-dried perfusates (ug/heart/40 min) 


Expt. Assay on Assay on Assay on Assay on 
no. frog frog rectus frog heart frog rectus 
i* 0-1 0-4 3-0 3-1 
2 0-11 0-25 0-48 0-45 
3* 0-07 — 3-2 1-4 
4* 0-73 0-9 0-33 0-44 
5 0-02 0-4 0-33 1-0 
6* 0-2 0-6 0-4 1-6 
7 0-15 0-2 0-75 — 
8* 0-3 0-24 0-25 0-6 
9 0-25 0-2 0-55 0-5 
10* 0-7 0-7 0-4 0-8 
Mean 0-26 + 0-08 0-43 + 0-08 0-97 + 0-36 1-140-29 


* Electrically driven in first period of perfusion. 


frog rectus preparations. This was probably due to the substance present in 
the extract, which augmented the frog heart and interfered with the assay of 
the ACh-like substance. When the frog rectus assay figures were compared, 
the mean amount of ACh-like substance produced in 40 min was 0-43 + 0-08 yg 
for spontaneously beating hearts, which was significantly different (P=0-04) 
from the figure of 1-1 + 0-29 yg/40 min for the same hearts driven electrically. 

In these experiments the performance of the heart in the first period of 
perfusion was probably better than that in the second period. A comparison 
was therefore made of the ACh-like substance liberated from hearts beating 
spontaneously in the first period with that from hearts driven electrically in 
the first period. Similarly, the ACh-like substance liberated from hearts 
beating spontaneously in the second period was compared with that from 
hearts driven electrically in the second period. In Table 2 the mean figures are 
given. There was a significant difference (P=0-03) between the amounts 
produced by spontaneously beating and electrically driven hearts in the first 
perfusion period, but in the second period the difference was not significant. 
The mean figures of 0-13 and 0-26 wg ACh-like activity obtained from spon- 
taneously beating hearts in the first perfusion period were rather greater than 
the mean figure of 0-11 yg given by Briscoe & Burn (1954). The higher figures 
for spontaneously beating hearts in the second period of perfusion may have 
been owing to an incomplete diffusion of ACh into the perfusate during the 
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preceding period of electrical driving, some of the ACh diffusing out in the 
second period. Briscoe & Burn showed that when the eserinized Locke’s 


solution used for perfusion was ‘extracted’ and tested for ACh-like activity, 
none was found. 


TasLe 2. ACh-like activity in freeze-dried extracts (ug/heart/40 min 8.x.) 


Hearts beating Hearts driven 
perfusion 0-13 + 0-05 0-26+4+0-04 1-26 40-58 1-32+0-4 
period 
Second 
perfusion 0-35 + 0-12 0-5740-11 0-53 + 0-08 0-65 +0-18 


In first period, for results from frog heart P = 0-09, rectus P ~0-03. 
In second period, for results from frog heart P =0-3, rectus P =0-7. 


Taste 3. ACh-like activity of freeze-dried perfusates from hearts without atria 
electrically driven (yug/heart/40 min) 


Heart no. Frog heart assay Frog rectus assay 
ll 0-15 0-23 
12 0-13 _ 
13 0-13 0-29 
14 0-5 
15 0-075 0-13 
Mean 0-197 +.0-07 0-29+ 0-08 
Experiments on hearts without atria 


In the first group of experiments on hearts from which the atria had been 
dissected away, the mean rate of electrical driving was 128 beats/min. The 
perfusates from five hearts were assayed for ACh-like activity on the frog 
heart and frog rectus preparations, the depressor activity on the frog heart 
being abolished by atropine and the activity on the frog rectus by tubocurarine 
(see Figs. 1, 2). The results are shown in Table 3. 

It was clear from these experiments that tissue other than atrial tissue was 
responsible for some of the production of the ACh-like substance. Further 
experiments were therefore carried out in which the output of the ventricles 
was compared with that of the whole heart. It was surprising to find that after 
dissection of the atria the ventricles continued to beat. However, in order that 
the rate of beating should be the same whether the atria were present or not, 
the observations were made while driving the hearts at a rate which was 
constant in each experiment, the mean rate being 124/min. Five hearts were 
used. Table 4 gives the results of the assay of these perfusates. The mean 
figures for the whole heart (0-32 y»g/heart/40 min) as compared with those for 
the heart without atria (0-23 »g/heart/40 min) indicated that the output from 
the non-atrial tissue was about two-thirds of that of the whole heart. 
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Fig. 1. Record of isolated frog heart, showing an estimation of ACh-like activity in the freeze- 
dried perfusate (E) from an electrically driven heart after removal of the atria. The inhibitory 
effects of 4 ng ACh, 0-1 ml, E/4, 0-1 ml. E/2 and 2 ng ACh are shown in succession; atropine 
was then injected, and 0-1 ml. E/2 then stimulated the heart. 


Fig. 2. Record of contractions of the frog rectus stimulated by 50 ng ACh, E, 0-45 ml. freeze- 
dried perfusate from electrically driven heart after removal of the atria, 70 ng ACh, E, as 
before, 90 ng ACh. At C tubocurarine 10-* g/ml. was added to the bath after which the 
effect of E, 0-45 ml. perfusate, was abolished. 
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TaBLE 4. ACh-like activity of freeze-dried perfusate from hearts with and without atria 


(ug/heart/40 min) 
Whole heart Heart without atria 
Expt. Frog heart Frog rectus Frog heart Frog rectus 
no assay assay assay assay 
16 0-2 0-2 O1 0-06 
17 0-78 0-75 0-6 0-68 
18 0-33 0-33 0-18 0-15 
19 0-2 0-25 0-15 0-2 
20 0-08 0-09 0-09 0-1 
Mean 0-32+40-12 0-32+0-11 0-22+0-09 0-2440-11 


Adrenaline-like substance in the perfusate 

The presence of a substance which augmented the amplitude of beat of the 
isolated frog heart preparation, after the depressor action of the ACh-like 
substance, was observed in perfusates from hearts with and without atria. 
Extracts from hearts perfused without eserine sulphate in the Locke’s solution 
when tested on the frog heart gave a pure augmentor effect, but when assayed 
against adrenaline and noradrenaline solutions gave extremely variable results. 
These extracts were also tested on the isolated rat uterus and rat colon 
preparations. The adrenaline equivalent obtained for the same extract on rat 
uterus and frog heart were very different, indicating the presence of more than 
one amine. Fig. 3 shows the effect of an extract on frog heart, rat colon and rat 
uterus. Differential assays of the extracts for adrenaline and noradrenaline on 
the rat uterus and colon using the method of Gaddum & Lembeck (1949) were 
unsuccessful, owing to the presence in some of the extracts of a substance 


Fig. 3. Actions of freeze-dried perfusate (E) from isolated rabbit hearts perfused without eserine: 
(a) effect on frog heart—the augmentor effect of 12-5 ng adrenaline compared with that of 
0-1 ml, B/10 and 0-1 ml. E/5; (b) effect on rat colon—the inhibitor effect of 0-4 ml. E compared 
with that of 40 ng noradrenaline; (c) Effect on rat uterus—the inhibitor effect of 0-1 ml. E 
compared with that of 1 ng adrenaline. a 
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which stimulated the rat colon. For this reason it was decided to separate the 
amines by chromatography. The twelve hearts used in these experiments 
were driven at a mean rate of 212 beats/min, the mean spontaneous rate being 
105 beats/min. No other amines but adrenaline and noradrenaline were looked 
for. Table 5 shows the figures obtained on the rat blood pressure, expressed in 
ug/heart/40 min. Fig. 4 shows part of an estimation on the rat blood pressure. 


Tasie 5. Adrenaline and noradrenaline (yg/heart/40 min) produced by spontaneously 


beating and electrically driven hearts 
Expt. Electrically driven Spontaneously beating 
Noradrenaliné Adrenaline Noradrenaline Adrenaline 
21 0-01 0-15 0-02 0-05 
*22 0-03 0-04 0-03 0-15 
23 Nil 0-1 Nil O-1 
*24 0-02 0-06 0-01 0-03 
25 0-01 0-04 0-06 0-08 
*26 0-01 008 001 0-04 
Mean 0-01+0-01 0-08 + 0-02 0-02 +0-01 0-08 + 0-02 


Fig. 4. Record of rat blood pressure: (a) injections of various amounts of noradrenaline for 
comparison with injections at § of 0-3 ml. eluate from noradrenaline strip of chromatogram ; 
(6) injections of various amounts of adrenaline for comparison with injections at D of 0-4 ml. 
eluate from adrenaline strip of chromatogram. 


The mean figures obtained per heart in 40 min were 0-01 ug noradrenaline and 
0-08 yg adrenaline for the electrically driven and 0-02 ug noradrenaline, 
0-08 wg adrenaline for the spontaneously beating heart. Apparently the rate 
of heart beat had little effect on the amounts of adrenaline and noradrenaline 
liberated. In all experiments, whether the heart was driven electrically or 
beating spontaneously, a greater amount of adrenaline than of noradrenaline 
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was found. The amounts of both amines produced during 40 min by the heart 
are probably higher than this, for a certain amount of oxidation may have 
taken place during the circulation of the perfusion fluid. 


DISCUSSION 


Further observations have confirmed that the isolated rabbit heart, when 
perfused with Locke’s solution containing eserine, liberates an ACh-like 
substance. When the hearts were driven electrically by stimuli applied near 
the apex of the ventricle at a rate nearly four times as fast as the spontaneous 
rate, the amount of ACh-like substance was two and a half times as great. This 
result agrees with the finding of Burn, Vaughan Williams & Walker (1956) in 
the heart-lung preparation of the dog, who also drove the heart electrically by 
stimuli applied to the apex of the ventricle. They found that when stimulation 
was performed in the presence of eserine, at the end of stimulation the spon- 
taneous rate was slower and the P-R interval was increased considerably. 
These changes diminished or disappeared after 5 min and thus appeared to be 
due to the liberation of an ACh-like substance in the blood by the stimulation 
of the ventricles. 

Since the stimulation of the isolated heart was applied to the ventricles it 
was unlikely that the liberation of the ACh-like substance came from the vagal 
nerve endings or ganglion cells in the atria. In a series of hearts the atria were 
dissected away, and the liberation of the ACh-like substance continued, when 
the ventricles were driven, being about two-thirds of that liberated by the 
whole heart. Recently Mitchell, Brown & Cookson (1953) have shown that the 
ventricles of the monkey contain many nerve fibres, while the ventricles of the 
rabbit contain a few. The ACh-like substance liberated after removal of the 
atria may therefore have come from nervous tissue, though this is unlikely 
since the amount of ACh-like substance was great in relation to the number of 
nerve fibres in the ventricles. It is known that ACh is formed in the nerve-free 
gill plates of Mytilus edulis where it maintains ciliary movement (Biilbring, 
Burn & Shelley, 1953). 

No previous studies seem to have been made on the ability of the perfused 
mammalian ventricles to produce ACh. Comline (1946) found that the atrial 
tissue was able to synthesize 90 wg/g/hr of ACh as compared with 0-25 pg/g/hr 
for the ventricle. Engelhart (1930) and Rothschuh (1954) examined the total 
ACh content of atria and ventricles of mammalian hearts. Engelhart found in 
rabbit hearts that the ventricles contained much less ACh than the atria 
(atrium 0-4 mg/100 g, ventricle 0-013 mg/100 g.) He also estimated the amount 


_ of cholinesterase in the mammalian heart and found that the ventricles con- 


tained only a fraction of that in the atria. Estimating ACh-precursor, Roth- 
schuh found for the rat heart that the atria contained 2-28 ug/g, the left 
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ventricle 0-73 ug/g and the right ventricle 1-3 ug/g, and in later experiments 
(Rothschuh & Berkel, 1955) similar figures were obtained. 

Evidence has also been obtained that the perfused heart liberates adrenaline 
and noradrenaline. This also conforms with the results of Burn e¢ al. (1956) in 
the heart-lung preparation; for they found that, when they injected atropine, 
driving the ventricle by stimulating the apex then resulted, when the stimuli 
were stopped, in a raised spontaneous rate which persisted for more than 5 min. 

There are many references in the literature to the presence of sympatho- 
mimetic amines in the heart. Most of the earlier workers (Kiilz, 1928; Loewi, 
1936; Shaw, 1938; Cannon & Lissak, 1939) believed that adrenaline was the 
chief sympathomimetic amine to be found in, or liberated by, the heart. In 
1943 Raab, working on human and rat heart extracts, pointed out that other 
catechol amines besides adrenaline were present. Since then von Euler (1946, 
1952), Goodall (1950, 1951), Raab & Lepeschkin (1950), Hékfelt (1951), Holtz, 
Kroneberg & Schiimann (1951) and Raab & Gigee (1955) have all stated that 
in the extracts from mammalian hearts the chief sympathomimetic amine was 
noradrenaline, with adrenaline present in smaller amounts, up to 20% of the 
total. The sympathetic nerve endings in the heart are apparently not the only 
source of the amines. Raab & Lepeschkin (1950) and Goodall (1951) found 
that after removal of the stellate ganglia the amounts of the amines present in 
heart extracts were partially but not completely depleted. Stimulation of the 
cardiac sympathetic nerves was found to produce chiefly noradrenaline with 
negligible amounts of adrenaline (Outschoorn & Vogt, 1952; Raab & Gigee, 
1955). Thus it is clear that the adrenaline and some of the noradrenaline found 
in heart extracts may not originate in sympathetic nerve endings. It also seems 
unlikely that the production of sympathomimetic amines by the heart which is 
described here has this origin. The relative amounts of 0-01 ug noradrenaline 
and 0-08 wg adrenaline are not what would be expected from this source. 

Hoffmann, Hoffmann, Middleton & Talesnik (1945) suggested that chro- 
maffin tissue which was described in the heart by Trinci (1907) might be 
responsible for the production of an adrenaline-like substance which appeared 
when ACh was injected into the isolated atropinized mammalian heart. 
McDowall (1945) showed that finely minced rabbit heart produced ah adrenaline- 
like substance when treated with ACh, and in 1947 suggested that the sensi- 
tization of the heart to adrenaline by ACh might be due to stimulation of 
chromaffin tissue. Haney & Lindgren (1945) suggested that intracardiac 
ganglia might produce a cardiac accelerator substance, whilst Middleton, 
Middleton & Toha (1949) considered that the elements responsible for adrena- 
line liberation might be intracardiac ganglionic neurones, controlled by the 
vagus. Qn the whole, therefore, it seems that there may be other sources 


than the sympathetic nerve endings for the adrenaline liberated by the perfused 
rabbit heart. 
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SUMMARY 


1. Further observations have been made on the liberation of acetylcholine 
and of adrenaline in the fluid perfusing the isolated rabbit heart. 

2. Experiments were performed to see if the amount of acetylcholine 
released was modified by the rate of beating. A comparison was made between 
the amount released when the heart was beating spontaneously with that 
released when the heart was driven electrically at nearly four times the rate. 
It was found that the amount released at the higher rate was approximately 
two and a half times as great as that released at the lower rate. 

3. A comparison was also made in another series of hearts between the 
amount of acetylcholine released when the heart was driven by stimuli applied 
to the ventricles and that released from the same hearts after removing the 
atria. It was found that the latter amount was about two-thirds of the former 
amount. 


4. The heart liberated both adrenaline and noradrenaline, the amount of 
adrenaline being always greater. The amounts were not increased when the 
ventricles were driven electrically at twice the spontaneous rate. 


I wish to express my thanks to Professor J. H. Burn for his constant advice and guidance 
throughout this work, and to Dr M. Vogt for her kindness in teaching me the method of chromato- 
graphy which I have used. 
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THE ‘STAIRCASE’ PHENOMENON AND THE ACTION OF 
CALCIUM ON THE HEART 


By R. NIEDERGERKE 
From the Department of Biophysics, University College London 
(Received 18 June 1956) 


When an excised frog’s ventricle is stimulated periodically after a sufficiently 
long period of quiescence, the first contractions are small, and succeeding 
responses gradually increase. This ‘staircase’ phenomenon (Bowditch, 1871) 
has two interesting aspects: first, the small initial contractions are accompanied 
by full-sized action potentials (Hofmann, 1926); and secondly, the temporal 
development of the staircase is drastically changed by altering the external 
potassium (Boehm, 1914) or calcium concentration (Bornstein, 1906); the 
staircase effect can be abolished in a suitable medium. Two different—though 
not exclusive—explanations have been produced for these findings. Hofmann 
(1926) suggested that the link between excitation and contraction is weakened 
during a period of rest and becomes more firmly established during repetitive 
stimulation. Other authors (Hajdu, 1953; Szent-Gyérgyi, 1953; Moulin & 
Wilbrandt, 1955) believe that the intracellular electrolyte composition changes 
and thereby creates a more ‘favourable condition’ for myosin to contract, 
either by a loss of potassium ions or by a gain of calcium. The present experi- 
ments were made in the hope of obtaining further evidence about the mechanism 
of the staircase phenomenon using combined methods of electrical and 
mechanical recording. 
METHODS 

Strips of about 0-8—1-2 mm thickness and 15-20 mm in length were dissected from a circular 
portion of the ventricle (Dale, 1932). The tissue around the valves was removed as well as any 
residual pace-maker. The strip was suspended in a chamber of methyl methacrylate polymer 
(Perspex) consisting of two compartments (Fig. 1). The lower and smaller compartment could be 
separated from the upper by a partition formed by two movable glass slides. Slots of about 
0-6 by 1-2 mm were cut into the adjoining edges of the slides. These slots formed a channel for 
the strip and served to provide a sufficiently high resistance between the compartments. Two 
methods of recording monophasic surface potentials were employed. In method 1, the end of the 
strip passing into the lower compartment was soaked in a 200 mm sucrose solution containing 
0-25% procaine HCl, which blocks conduction. Potentials were recorded between the two 
compartments and the strip was stimulated between a hook by which it was connected to the 
mechano-electric transducer (RCA 5734) and the bath as cathode. With method 2, conduction 
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was blocked at the upper end of the strip and potentials were recorded between the hook of the 
connexion to the transducer and the bath. The blockage of conduction was induced in this case by 
covering the upper part of the strip with a piece of cotton- -wool soaked in Mg-rich Ringer’s solution 
(71 mm-NaCl replaced by 50 mm-MgCl,). In this case the strip was stimulated between the upper 
and lower compartment. The Ringer’s solution contained NaCl we ma, KCl oo ume, CaCl, 
1 mm, NaHCO, 2-4 mm. Ca and K concentrations were changed by replacing tically equivalent 
amounts of NaCl. 


To transducer 


Stimulator 
Fig. 1. Diagram of apparatus. The only communication between upper and lower compartment 
of the chamber is a hole in the glass partition, through which the heart strip passes. Circuit 
connexions are those of method 2 (see text) with recording between upper hook and bath 
and electrical stimulation between lower and upper compartment (upper compartment 
cathode). 


Monophasic surface recording was chosen rather than the micro-electrode technique, since action 
potentials from the entire cross-section of a strip provide a better comparison with the simul- 
taneous tension records than action potentials from a single cell. The technique, though simple, 
suffers from certain limitations. Often the action potential becomes diphasic in the course of an 
experiment, particularly if blockage of conduction is attempted by mechanically damaging parts 
of the strip, and this has been attributed to a ‘healing over’ of the crushed fibre ends (Adrian, 
1921). The difficulty with blockage by depolarizing substances is that it tends to spread and change 
the properties of a progressively larger region of the strip. More consistent results were obtained 
with the two methods described above, which were used to supplement one another. The first 
method, recording from the lower part of the strip with its end bathed in sucrose, has the advantage 
that changing the bath solution usually does not alter the position, nor the resistance, from which 
potentials are recorded. Thus amplitudes of action potentials obtained with different compositions 
of the bath solution are comparable. However, an uncertainty arises from the fact that potentials 
are recorded so close to the region of blockage that this might be shifted upward into ‘recording’ 
position by the contracting upper end of the strip. This possible complication is avoided by the 
second method, where the recording position could be controlled by altering the level of the bath 
fluid, and an adequate separation from the upper end was always chosen. In most cases the 
‘monophasic’ 
constant during the recording period. 
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The tension records accompanying the monophasic potentials are not really isometric records 
because the blocked end of the strip introduces a passively extensible element. Some experiments 
were therefore carried out on a fully active strip, either without any potential recording (Fig. 5). 
or by recording diphasic action potentials together with the tension (Figs. 6 and 7). The duration 
of the diphasic action potential was taken as the interval between the upstroke and the inter- 
section with the base line made by a tangent drawn through the steepest part of the final decaying 
phase of the potential. The peak time of the tension curves was measured as the time between the 
upstroke of the action potential and the peak of the tension curves. The duration of the contraction 
was taken as the time between the points of intersections with the base line of the tangents 
through the points of inflexion of rising and decaying phases of the contraction curves. 


ij i 


i i 
02 sec 
2a 
Fig. 2. The ‘normal’ staircase (a) and its reversal (6). Drawings of superimposed traces of the 
records from a double-beam oscilloscope. Upper traces, potential records; lower traces, 
tension records: potential recording according to method 2 (see text). (a) the numbers 
indicate the time in min after the onset of continuous stimulation (20/min); (6) the numbers 
indicate time in min of the application of a test stimulus after continuous stimulation had 
been interrupted. — 


02sec 
2b 


RESULTS 
The ‘normal’ staircase 
Experiments were generally started an hour after the dissection of the strip; 
thus the cut fibre ends were allowed to ‘heal over’ (Engelmann, 1875). Strips 
were stimulated during the first 40 min of this period, while no stimulus was 
applied during the last 20 min. This rest period was used before each staircase 
experiment; it served to bring the preparation into the so-called “hypodynamic 
state’ in which a good staircase effect is seen. Typical staircase phenomena are 
shown in Figs. 2a and 3a. After the quiescent period strips were stimulated 
at a constant rate of about 20/min. Contractions start with very low strength 
and build up during successive stimuli. The action potentials, however, seem 
to be largest at the beginning and gradually decrease in amplitude and duration. 
This result confirms earlier findings (Hofmann, 1926; Trautwein & Dudel, 
1954) and shows that changes of contractile strength during the staircase are 
not accompanied by any corresponding changes in the amplitude of the action 
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potential. Fig. 2b demonstrates the reversibility of the effect. After contrac- 
tions had nearly reached a final value stimulation was stopped, thus allowing 
a hypodynamic state to redevelop. Test stimuli applied at 1 min intervals 
revealed a ‘downward’ staircase ; that is, tension and potential reverse towards 
their former values as a result of the rest period. 


In other experiments, changes in the amplitude of the action potential were smaller or even 


absent. Frequently, the shortening of the duration of the action potential was preceded by a short 


period during which the action potential was prolonged (see also experiment, Fig. 7). This is even 
present to a small extent in Fig. 2a, where the action potential at time (0) is somewhat shorter 
than that at time (5). 


A number of conclusions can be drawn from these results (see also Hofmann, 
1926). 

(a) The increase in tension during the staircase cannot be due to a recruit- 
ment of additional fibres in different parts of the strip. If this were so, the 
amplitude of the composite action potential should increase together with 
the contraction. 

(b) The increase in tension is also not due to a prolongation of the action 
potential, for the tension may increase while the duration of the action potential 
diminishes. 

(c) It has been suggested (Wastl, 1922) that the conduction velocity during 
the contraction might increase and enhance the contractile response by 
synchronizing its onset in different parts of the muscle. Although changes in 
conduction velocity do occur, it does not steadily increase during the staircase. 
Usually, it increases after the first contractions and then declines, being lowest 
at a time when contraction height is maximal. In any case, changes in con- 
duction velocity are too small to account for any appreciable part of the 
staircase effect. Thus, the delay in onset of excitation between the first and 
last excited part of the strip in normal Ringer’s solution was usually between 
40 and 50 msec. The maximal reduction in this delay was about 15 msec, which 
cannot have a large direct effect on the height of the contraction. Nevertheless, 
there is the possibility that changes in conduction velocity or in threshold 
might be a sign of the processes which give rise to the staircase. Such a 
possibility is suggested by Adrian’s (1921) finding that the supernormal phase 
of excitability is associated with enhanced contractions. . 

(d) Another suggestion which can be dismissed is the following. The con- 
traction of a heart strip increases with the resting tension or resting length. 
It might be supposed that during the staircase each contraction gives rise to 
residual tension which therefore would cause the succeeding contraction to 
increase. However, when the initial tension was made high, a staircase still 
developed, although in these experiments the resting tension tended to diminish 
as the twitch tension increased towards its maximum. 
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The effect of potassium-free Ringer’s solution 
At the end of the staircase experiment illustrated in Fig. 3a the strip was 
bathed in K-free Ringer’s solution for a second rest period of 20 min and was 
then stimulated as before. The results are shown in Fig. 36: the first contraction 
is now greater than before and successive contractions reach a maximum more 
quickly than in normal Ringer’s solution. In this experiment the maximum 
was followed by a slow decline, but this was not usually the case. Both action 


0-2 sec 
Fig. 3 : Fig. 4 

Fig. 3. (a) the staircase and (5) the effect of K-free Ringer’s solution upon its course; drawings of 
superimposed traces of the records from a double-beam oscilloscope; upwards, potential 
records; downwards, tension records; method 1 of potential recording (see text). The numbers 
indicate time in min after the onset of continuous stimulation (frequency 18/min). 

Fig. 4. The effect of high-Ca Ringer’s solution (8 mm-Ca) (‘negative staircase’). Drawings of 
superimposed records. Upper traces, potential records; lower traces, tension records; 
method 2 of potential recording (see text). The numbers indicate time in min after the onset 
of continuous stimulation (20/min). 


potentials and contractions are prolonged. (If the preparation is soaked in 
K-free Ringer’s solution for longer periods and stimulated at a sufficiently low 
rate—say 3/min—the duration of the potentials was observed to increase 
progressively, e.g. up to durations of 2 sec and more after 40 min in K-free 
solution.) 


The effect of calcium-rich Ringer's solution | 
Even more striking is the effect of an enhanced Ca concentration as shown 
in Fig. 4, This experiment was a continuation of the one illustrated in Fig. 2. 
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8 mm-Ca Ringer’s solution was applied after the last record of Fig. 26, and 
after a rest period of 20 min continuous stimulation was started again. Th 
first contraction is now the largest, exceeding appreciably the maximal con- 
traction obtained in normal Ringer’s solution. Successive contractions in the 
Ca-rich solution diminish in height (‘negative staircase’). The first action 
potentials are longer than in normal Ringer’s solution and decrease in duration 
and amplitude as stimulation proceeds. The loss in plateau of the action 
potential due to high Ca, particularly after a period of stimulation, was 
regularly observed. 


In other experiments the duration of the first action potential in high calcium was little different 
from that in normal Ringer’s solution or was even appreciably shorter. In spite of this irregularity 
(cf. Figs. 6, 7) a ‘negative staircase’, showing a decline in tension together with a decline in 
duration of the action potential, was also present in these cases. 

Certain features in the tension records of Fig. 4 deserve further description. 
The time to the peak of contraction during the negative staircase progressively 
diminishes, A similar shortening is seen with 1 mm-Ca Ringer’s solution during 
the ‘normal’ staircase, though to a much less extent. In Fig. 5 peak tensions 
and the time to the peak are plotted against duration of stimulation. On the 
left are measurements from an experiment similar to that of Fig. 4 with 
a 6 mm-Ca Ringer’s solution. On another strip (right) intermediate Ca con- 
centrations have been tested. Both the amplitude (upper curves) and the 
time to the peak of the tension (lower curves) vary with the duration of 
stimulation. 

A tentative analysis of these results is that there are two opposing processes 
influencing ‘contractility’, and that both these processes are cumulative and 
summate during the staircase to a finite value. One is facilitatory, each 
excitation or contraction increasing ‘contractility’, resulting in a greater 
tension of the next contraction. The second process is depressive and is accom- 
panied by, and perhaps primarily due to, shortening of the duration of 
‘contractility’. The time to the peak tension may be taken as an index of the 
development of this depression. With these assumptions in mind, the normal 
staircase in 1 mm-Ca Ringer’s solution would be determined mainly by the 
facilitating process alone, for the time to the peak changes only little. On the 
other hand, the ‘negative’ staircase of Figs, 4 and 5 could be explained by 
a swamping action of the inhibitory process, revealed by a large progressive 
diminution of the peak time. With moderate Ca concentrations intermediate 
features are seen, e.g. with 4 mm-Ca there is at first a ‘normal’, followed by 
a ‘negative’, staircase. It seems that calcium affects both processes, and that 
a high Ca concentration (here 6 mm) probably raises ‘contractility’ to a maxi- 
mum without preceding stimulation. 

The observations that a shortening in the contraction time was associated 
with a shortening of the action potentials (Figs. 2~4) and, in the case of the 
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‘negative ' staircase, with a loss in plateau potential, suggest that the depressive 
process might arise—at least partially—from primary changes in the action 
potential. 

Peak tension 
4. 1= 09% 


Time to peak 
(sec) 
Fig. 5. Peak tension (upper ordinate) and the time to the peak (lower ordinate) of isometric 
contractions during the staircase: the unit for the upper ordinate is the maximum tension in 
1 ma-Ca Ringer's solution. Abscissa, time in min after the onset of continuous stimulation 
at a rate of 18/min. Left, experiment with 1 mm-Ca and 6 mm-Ca Ringer’s solution; right, 
a similar experiment with 1, 2-5 and 4 mm-Ca Ringer’s solution on a different strip. 
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The steady state tension at different frequencies of stimulation 

This analysis can be extended by comparing steady state tensions developed 
at different frequencies of stimulation. Since a great deal of variability in the 
duration of action potentials and contractions have been observed, two 
examples representative of extreme cases are shown (Figs. 6, 7). Fig. 6a 
shows amplitudes and peak times of the contractions and the durations of 
diphasic action potentials at different frequencies, with 1 and 3 mm-Ca. With 
low Ca there is the well-known maximum of contraction at the ‘optimal’ 
frequency (Hofmann, 1901); the decline at still higher frequencies is paralleled 


1:25 3mM-Ca 
10 4mm-Ca Stimuli/min 
| § O75 2 
x OS 
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O2sec 1 mM-Ca 
8 mm-Ca 
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(c) 
23 10 1 mm-Ca 3 18 
0-9 4 23 
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Fig. 6. Contractions in a steady state (after the staircase is over) with various stimulus frequencies 
in 1 and 3 mm-Ca Ringer’s solution. (a) (i), peak tension; (ii), time to the peak; (iii), duration 
of the diphasic action potential at different frequencies of stimulation. (b) superimposed 
records of isometric contractions in 1 mm-Ca Ringer's solution. (c) superimposed records of 
isometric contractions in 3 mm-Ca Ringer’s solution. Note the different sensitivity of the 
records in (6) and (c). 


by a decline of the peak time and of the duration of the action potential. With 
higher Ca concentrations the curve of peak tension passes through a maximum 
at lower frequencies, not shown in this figure, and at higher frequencies there 
is a marked decline of the amplitude as well as of the peak time of the contrac- 
tion and of the duration of the action potential. This is in accord with the 
proposed analysis. 

The superimposed contraction curves with 1 mm-Ca(Fig.6b)arealso of interest. 
The rate of rise of the contraction increases with the frequency of stimulation 
(see also Hofmann, 1901), sometimes even beyond the optimal frequency. 
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With further increasing frequencies the initial slope of the contraction remains 
approximately constant, but the peak declines (Fig. 65, ¢). This can be inter- 
preted by saying that ‘contractility’ ceases before the strip is able to develop 
- torey ss tension, and that this shortening may account for the inhibitory 
effect. 


contraction (sec) 


potential (sec) 


Duration of the action Duration of . 


Fig. 7. Contractions at a steady state with different stimulus frequencies and at various Ca con- 
centrations: (a) peak tension, (6) duration of contraction, (c) duration of the diphasic action 
potential; ©, 1 mm-Ca; 2 mu-Ca; @, 4 mu-Ca; @, 6 mm-Ca. 


More frequently, high Ca produced not only increased peak tension but also 
a prolongation of the contraction and of the action potential at low frequencies, 
as shown in the other example (Fig. 7). Since some of the contraction records 
had a very flat peak or even a plateau (similar to the contraction at ‘0’ time 
in Fig. 4), durations of the contractions rather than peak times have been 
taken as an index of the duration of ‘contractility’. The main results illustrated 
in Fig. 7 are, first, a maximal tension response is reached with 4 mm-Ca 
Ringer’s solution—in six experiments this concentration varied between 2:5 
and 6 mm-Ca; and secondly, Ca increases the duration of the action potential 
at low frequencies and there is a certain frequency for each Ca concentration 
at which the duration of the action pot-ntial is greatest. While the exact 
relation between duration of the action potential and of the contraction is still 
far from clear, it is of interest to note the correspondence, in this experiment, 
between the changes in the duration of action potentials and contractions. 
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Thus the present results can be interpreted by a simultaneous action of two 
separate processes. One process facilitates the degree of ‘contractility ’ without 
any obvious change in the action potential, the other process determines the 
duration of contractility, and this appears to be related to the duration of the 
action potential. 


Minutes 


Fig. 8. Time course of the action of Ca-rich and K-deficient Ringer’s solution. The strip was 
continuously stimulated at a rate of 3/min. At time 0, Ringer’s solution was changed 
(a) from 1 to 2 mm-Ca or vice versa; and (b) from normal to K-free Ringer’s solution or vice 
versa: ordinates, peak tension in g; diameter of strip 1 mm. 


The time course of the actions of calcium and of potassium-deficiency 

In order to obtain a measure of the time course of the Ca effect it appears 
from Fig. 7a that a range of low frequencies and of comparatively low Ca 
concentrations (say between 1 and 2 mm) should be chosen. In this region 
changes in the peak tension are greatest and their relations to the concentration 
are roughly linear. Fig. 8 shows a fairly typical experiment in which the con- 
centration of Ca was changed from 1 to 2 mm while a strip of 1 mm diameter 
was continuously stimulated at a rate of 3/min. A similar experiment was 
made on the same strip changing from normal to K-free Ringer’s solution 
(Fig. 86). In the Ca experiment (Fig. 8a) the peak tension rose and declined 
with half times of 2 and 7 min respectively, and the change in tension was 
90% complete in 10 and 20 min respectively. 
_ It is of interest to compare the development, of the change in tension with 
the time which would be taken by diffusion of Ca through the extracellular 
spaces of thestrip. A diffusion constant of 1-8 x 10-* cm?/sec is assumed : this is 
one-quarter of the diffusion constant of Ca ions in Ringer’s solution, allowance 
having been made for the hindrance of free diffusion due to cell structures, 
analogous to earlier estimates which have been made for diffusion constants 
of Na and K in the extracellular spaces of the sartorius muscle (e.g. Harris, 
quoted by Hill & Macpherson, 1954). Hill’s (1928) solution for the average 
saturation inside a cylinder of 1 mm diameter gives a value of about 1-5 min 
for 50% saturation and of about 8 min for 90% saturation of Ca inside the 
extracellular space of the strip. The corresponding figures for KCl are approxi- 
mately half as great. To compare these figures with those obtained in the 
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experiment of Fig. 8a, one may consider the possibility that the height of 
tension is directly related to the average concentration of Ca in the extra- 
cellular space. (‘This would be reasonable if the cross-sectional area of the strip 
was constant throughout its length and the relation between tension and Ca 
concentration the same for all fibres and linear over the range of Ca concentra- 
tions employed.) 

The observed development of the change in tension appears to be slower 
than the time course of diffusion of Ca and K. This may indicate that changes 
in tension are not solely due to alterations of the Ca or K concentrations in the 
extracellular spaces. 


DISCUSSION 
The relation between ‘contractility’, ‘active state’ and the action potential 

The enhancement of the contractile strength, during the staircase or as a result 
of Ca-rich Ringer’s solutions, is accompanied by an increased rate of rise of the 
contraction curves (Figs. 4, 6), and it may even be associated with a shortening 
of the time to the peak of contraction and of the duration of the whole 
contraction (Fig. 6). These features were expressed by saying that ‘con- 
tractility’ becomes greater in strength and shorter in duration. It is of interest 
to compare these phenomena with the effects of certain anions (i.e. nitrate, 
bromide and iodide) on the frog’s sartorius. 

For this purpose it will be assumed that the mechanical and contractile 
properties of a heart strip are comparable to those of a sartorius muscle (e.g. 
Hill, 1949) and that the processes acting on ‘contractility’ do not change the 
‘series elastic’ component of the strip. The twitch tension of a sartorius muscle 
is enhanced in the presence of these anions, and the mechanical analysis has 
shown that this is due to a lengthening of the duration of the ‘active state’ 
(Ritchie, 1954; Hill & Macpherson, 1954). This prolongation of the ‘active 
state’ is characterized in the isometric contraction curves by two factors: 
the initial rising phase remains unchanged, but the time to the peak of the 
larger twitch is increased. It is evident from this comparison that the enhance- 
ment of ‘contractility’ of the heart strip cannot be explained by a lengthening 
of the duration of the ‘active state’. If the comparison is valid, it would 
follow that the amplitude of the ‘active state’ is changed in the staircase 
experiments. On the other hand, the decrease in contractile tension at higher 
frequencies of stimulation might be expected to result from a shortening of the 
‘active state’, for the diminution of the contractions is associated with a 
curtailment in. the rising time while the initial slope remains approximately 
constant (Fig. 6). 

It has been shown that the facilitating process is not accompanied by a 
corresponding change in the amplitude of the action potential. This result 


agrees with the findings of other authors who have investigated the staircase 
37-2 
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(Hofmann, 1926; Trautwein & Dudel, 1954) or the effect of calcium (Mines, 
1913; Daly & Clark, 1921; Weidmann, 1955). 

Some results have also been presented indicating that there is a connexion 
between the duration of the action potential and the process which determines 
the duration of contractility. Besides the well-known finding that both the 
duration of action potentials and the time to the peak of contractions decrease 
with higher frequencies (Hofmann, 1926; Trautwein & Dudel, 1954) there were 
frequently striking variations at low frequencies: a prolongation of the action 
potential with intermediate Ca concentrations was associated with a prolonga- 
tion of the contraction (Fig. 7). The underlying behaviour of the action 
potential—increase in duration with intermediate Ca concentrations and a 
decrease with high Ca concentrations—has been described by earlier authors 
(Daly & Clark, 1921; Rodeck, 1947). The suggestion that the duration of the 
action potential is one factor determining the contraction time is supported 
by a large number of earlier observations: action potentials as well as con- 
tractions become longer in K-free Ringer’s solution, in presence of adrenaline, 
veratrine and caffeine, and shorter in high K Ringer’s solution, in the presence 
of acetylcholine, with low pH and by increasing frequencies of stimulation 
(e.g. Schiitz, 1936). On the other hand, a prolongation of the contraction in 
the presence of Ca-rich Ringer’s solution is an old finding (Ringer, 1883), and 
Loewi (1923) described a second, depressive, effect on contraction by high Ca 
concentrations. 

The cause of the staircase 

It has been suggested that Ca and K modify the staircase by altering the 
intracellular electrolyte concentration and thereby changing the chemical 
properties of the actomyosin system (Hajdu, 1953; Szent-Gyérgyi, 1953; 
Moulin & Wilbrandt, 1955). The time course of the action of Ca-rich and 
K-deficient Ringer’s solution indicated (Fig. 8) that there is time for some Ca 
and K to diffuse into or through the cell membrane. As a strong effect of these 
ions is exerted (e.g. in experiment of Figs. 3 and 4) within 20 min without any 
stimulation, a transport of K or Ca during the process of excitation does not 
seem to be essential. The equilibration of the intracellular Ca and K with the 
extracellular concentration of these ions would depend, therefore, mainly on 
the rate of exchange through the resting membrane. The outflux of K (Fenn & 
Cobb, 1934) or the influx of Ca (Fliickiger & Keynes, 1955) in resting cells are 
slow processes and would hardly allow an appreciable change in the intra- 
cellular electrolyte content to occur during 20 min. It may be that the action 
of Ca on contraction depends on an increase of an easily exchangeable fraction, 
perhaps situated close to the cell surface. This argument, however, is not 
necessarily decisive, since Krogh, Lindberg & Schmidt-Nielsen (1944) provided 
some evidence for a rather fast exchange of K and Ca under certain conditions 
in the frog’s heart. But even these authors concluded, after a comparison with 
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the time course of the mechanical action, that Ca and K act mainly on the cell 
surface. This would be in accordance with Hofmann’s (1926) hypothesis, that 
the ‘staircase factor’ acts upon the link between excitation and contraction: 
for the coupling process starts most probably at the membrane and travels 
towards the centre of the muscle fibre. It is, at any rate, conceivable that 
changes of Ca concentrations in the outer region of the fibre are sufficient to 
modify this coupling process. 

It has frequently been proposed (see Niederhoff, 1925; Dale, 1932) that the 
staircase might be due to loss of substance during the quiescent period and 
that this substance is stored during continuous activity, thus enhancing 
successive contractions. It is conceivable that ionized Ca might be this 
substance, a hypothesis suggested by earlier authors (Clark, 1913; Loewi, 1917; 
Moulin & Wilbrandt, 1955). A simple possibility would be that Ca diffuses out 
of a superficial layer of the heart cells into the Ringer’s solution during the 
quiescent period, and that a Ca deficiency of this layer of the cell gives rise to 
the hypo-dynamic state. During continued activity Ca might be transferred into 
this region from the outside and inside of the cell. Such replacement of Ca would 
require that Ca*+, like Na+, moves into the cell during excitation (Moulin & 
Wilbrandt, 1955), or that a greater amount of free Ca becomes available inside 
the cell during continuous activity than at rest. There are several findings 
which support such a hypothesis. 

(1) There seems to be an appreciable loss of Ca from an excised heart into 


_ Ringer’s solution (Lieb & Loewi, 1918). 


(2) The heart-beat in the hypodynamic state is similar to the response of a 
rhythmically stimulated heart exposed to a Ca-deficient Ringer’s solution in 
that the contractions are weak but associated with an action potential of normal 
appearance, 

(3) Ca affects the staircase drastically in low ‘physiological’ concentrations. 
With Ca concentrations as high as the intracellular concentration of the heart 
(3-7 mm, Krogh et al. 1944), a staircase is short or absent. 

It is not clear why K deficiency has an action on the heart which, at least 
superficially, resembles that of an enhanced Ca concentration. Connexions 
between these two effects might be indirect, the common factor being, perhaps, 
some change in the properties of the cell membrane. 


The ‘negative’ stavrcase 
The second, depressive, process, which is responsible for the appearance of 
the ‘negative’ staircase and which runs together with a shortening of the action 
potential, is probably of complex origin. One cause is related to oxygen-lack. 
This is suggested by the observation that the negative staircase developed 
more rapidly in air than in an oxygen-saturated solution and that the ‘optimal 
frequency’ for steady-state tensions was higher in an oxygen-saturated 
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solution. This is also consistent with the finding of Trautwein, Gottstein & 
Dudel (1954) that oxygen lack causes shortening and a loss in plateau of the 
heart’s action potential. However, oxygen lack cannot be the only cause of 
the depressive process, since reduced contractions associated with a shortened 
action potential have been observed in oxygenated Ca-rich solutions even 
after long periods of quiescence. 


SUMMARY 
1. Electrical and mechanical responses of isolated strips of frog’s heart were 
recorded simultaneously during the development of the ‘staircase’ phenomenon. 
2. It is confirmed that a ‘staircase’, i.e. a progressive increase of contractile 
tension, can be obtained by repetitive stimulation of a previously resting heart 
muscle, without corresponding increase in the size or duration of its action 
potential. Therefore the staircase effect appears to be due to a ‘facilitation’ of 
that process by which the action potential gives rise to contraction. 
3. A similar facilitation (i.e. a large increase in the contraction without 
a corresponding increase of the action potential) can be produced without 
repetitive stimulation by certain changes in the ionic environment, notably 
by an increase of the calcium concentration and, to a less marked extent, by 
a reduction of the potassium concentration. 
4. Under certain conditions an inhibitory effect is observed during periods 
_ of repetitive stimulation leading to a progressive diminution and shortening 


of the contraction. This is accompanied by a shortening of the action potential — 


and a loss of its plateau and is, therefore, indicative of a change in the 
excitatory event rather than in the coupling between action potential and 
contraction. 

5. The time course of the action of potassium and probably also of calcium 
is too slow to be accounted for simply by diffusion through the extracellular 
spaces, but it appears to be much too fast to involve an equilibration with the 
intracellular electrolyte content. 

6. The present results are consistent with the hypothesis of earlier investi- 
gators that the strength of the contraction is controlled by the concentration 
of calcium in a superficially located region of the heart cell, and that the 
staircase phenomenon might be due to a change in this calcium concentration. 


I wish to express my indebtedness to Professor B. Katz for much help and advice and to 
Mr J. L. Parkinson for unfailing technical assistance. 
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THE POTASSIUM CHLORIDE CONTRACTURE OF THE HEART 
AND ITS MODIFICATION BY CALCIUM 


By R. NIEDERGERKE 
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(Received 18 June 1956) 


Evidence is accumulating (Kuffler, 1946; Katz, 1950; Sten-Knudsen, 1954; 
A. F. Huxley & R. E. Taylor, personal communication) that the first step in 
the process which initiates muscular contraction is the depolarization of the 
excitable membrane of the muscle fibre. Any agent which alters contraction 
independently of depolarization may therefore be presumed to influence the 
contractile mechanism directly or, alternatively, to affect a link in the process 
between depolarization and contraction. Calcium ions apparently act in this 
way since they are known to exert a striking effect on the contraction of the 
heart, particularly the ‘hypodynamic’ heart, without affecting the amplitude 
of the action potential. Furthermore, there is evidence (Krogh, Lindberg & 
Schmidt-Nielsen, 1944; Niedergerke, 1956) that calcium may act on a link 
between the depolarization of the membrane and the contractile events. In 
order to obtain further information on the action of calcium ions it seemed of 
interest to study their effect on contraction when the excitable membrane has 
been depolarized in a controlled manner. This has been done by investigating 
the effect of calcium on contractures of heart strips caused by the application 
of depolarizing potassium chloride solutions. 


METHODS 

Material and recording technique were similar to those of the preceding paper (Niedergerke, 1956). 
Strips of the heart ventricle of Rana temporaria and R. esculenta were used. The tension developed 
during propagated contractions or during a KCl contracture was measured with a transducer 
valve (RCA 5734). If KCl solutions are introduced into the chamber (Fig. 1), immersing only 
part of the strip, a potential difference will develop due to current flow between the upper and 
lower parts of the strip. This was measured by means of an AgCl-Ringer-agar electrode dipping 
into the bath, and the upper hook, a chlorided silver wire, connecting the strip to the transducer. 
In order to keep the electrode potential at the upper hook constant, the chlorided silver wire was 
insulated with shellac except in the small region attached to the strip. A piece of cotton-wool 
soaked in Ringer’s solution covered the hook and strip at this point, and this prevented concentra- 
tion changes when the upper part of the strip was exposed to air. 
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Control experiments with cotton wicks showed that drifta due to instabilities of electrode 
junctions and d.c. amplifier could be kept between 0 and 1 mV during 15 min, the longest time of 
continuous measurement. The symmetrical arrangement of the chain AgCl-Ringer’s solution—bath 
solution—Ringer-agar—-AgCl would avoid any p.d. due to changes in junction potentials arising 
from alteration of the bath solution, if the strip were electrically a simple fluid resistance. This 
was tested by using cotton wicks instead of a heart strip. Replacement of Ringer’s solution by 
100 mm-KCl solution then caused only a small and slowly developing potential (<1 mV), which 
probably arises from some slight asymmetry of the liquid junctions. A somewhat greater artifact 
is to be expected since the heart tissue has cable properties. Thus, the p.d. of the upper fluid 
junction (Ringer’s solution—bath solution) will be shunted by the internal resistance of the cells. 


To transducer 
d.c, amplifier 
ol 
Ri 
Stimulator 


Fluid outlet 


Fig. 1. Diagram of apparatus. Heart strip fixed to two chlorided silver hooks. Potential recorded 
between upper hook (which is also attached to the tension recorder [RCA 5734]) and the 
AgCl-Ringer-agar electrode, which dips into the bath. Electrical stimulation between lower 
hook and earthed electrode. Suction tube and fluid level of chamber are in position for 
potential recording. When the chamber is emptied a drop of fluid remains at the lower end 
of the strip; this maintains electrical connexion between strip and electrodes. 


This will, in effect, cause a slight diminution of the observable p.d. due to KCl depolarizations 
(a reduction of less than 3 mV). In order to ensure that the potential was recorded at approximately 
the same region when the bath fluid was changed the fluid was kept at a constant level by means 
of a suction tube; alternatively, fluid changes were made with measured quantities of solutions. 

The chamber was emptied through the outlet at the bottom, and the whole fluid was removed 
except for a drop which remained at the lower end of the strip and provided a connexion between 
the electrodes and the strip. Emptying and filling of the chamber took place in 2-4 sec, a time 
short in comparison with the events recorded during contracture. 

Solutions, The Ringer’s solution contained NaCl 110-5 mm, KCl 2-5 mm, CaCl, 1-5 mm, NaHCO, 
2mm. CaCl, and KCl concentrations were changed by replacing osmotically equivalent amounts 
of NaCl. Oniy in the experiment of Fig. 6 (record e), where the CaCl, concentration exceeded the 
replaceable quantity of NaCl, an extra amount of solid CaCl, was added. 
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Experimental procedure. Consistent potential changes were obtained only when the part of the 
strip exposed to air (i.e. not treated with the KCl solutions) was greater than about 5 mm. This 
arrangement, however, was not satisfactory for recording the contracture tension, since the part 
of the strip in air acted as a long ‘series elastic’ component. In most experiments, therefore, 
tension and potential were recorded consecutively; the tension during immersion of the whole 
strip in KCI solutions, and potentials during partial immersion to a constant level about 10 mm 
from the upper end. Periods of KCl application lasting 2-3 min were separated by intervals of 
30 min during which the strip was kept in oxygenated Ringer's solution and stimulated at a 
constant frequency. Under such conditions the electrical and mechanical responses to KC 
solutions were well reproducible, particularly at medium Ca concentrations. This justifies the 
procedure of separately recording tension and potential changes. 


RESULTS 
General properties of the KCl contracture 

Before studying the action of Ca on KCl contracture it was important to 
investigate what other factors influenced the size and time course of the 
contracture. Such factors were found to be the O, concentration of the KCl 
solution and the frequency at which the strip is stimulated before the onset of 
contracture. As in the previous paper (Niedergerke, 1956) experiments were 
started an hour after dissecting the strip, a period which allowed for the 
‘healing over’ of cut fibre ends. 

Effect of O, concentration. Fig. 2 shows the effect on the contracture of 
varying the O, concentration. During a preliminary 30 min period the strip was 
immersed in O,-saturated Ringer’s solution containing 1-5 mm-Ca, and stimu- 
lated at a frequency of about 9/min. The last minute of this ‘conditioning’ 
period is shown at the beginning of the records. Following the 9th propagated 
response, stimulation was interrupted and after a time slightly longer than 
the pulse interval of previous stimulation, a 100 mm-KCl solution, containing 
1-5 mm-Ca, was applied. This KCl solution was O,-saturated in records a and c, 
and N,-saturated in record 6. After a burst of twitch-like contractions, 
initiated by the KCl solution, the tension rises to a flat maximum and then 
declines again ‘spontaneously’, and as a rule much more slowly. It is clear 
that this decline of tension in the KCl is faster with N,-saturated solution than 
with an O,-saturated solution. A comparison of 2a with c shows the repro- 
ducibility of the KCl contracture which was better than that of the propagated 
‘twitch’ responses. 

Potentials were recorded after each tension measurement using the same 
solutions. Since there was no significant difference in the three potential 
traces, only one of them is shown in Fig. 2d. Corresponding to the tension 
records, the beginning of the action of KCl is marked by a short burst of 
diphasic action potentials only partially visible, and this is followed by a 
_ gradually increasing depolarization (bath electrode becoming negative with 
respect to the upper hook electrode), Withdrawal of the KCl solution causes 
a ‘step’, and refilling the chamber with Ringer’s solution a sudden ‘dip’ in the 
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record. Repolarization in Ringer’s solution is much slower than depolarization ; 
recording was therefore stopped for 10 min, after which time repolarization 
seemed to be complete. The ‘dip’ (t) in the potential record is an artifact due to 
refilling the chamber temporarily above the previous level of the KCI solution. 
The ‘step’ (h), and the inequality of rates of depolarization and repolarization 
are of greater significance and will be further discussed below (p. 589). 


Ringer's Ringer's 
solution 100 mM-KCi solution solution 


Fig. 2. Effect of oxygen lack On Contracture. Lension, @, 0, ¢; potential, d. Records a and c, 
contracture with 100 mm-KCl solution saturated with 0,; record 5, contracture with an 
N,-saturated 100 mm-KCl solution. m, mechanical artifacts, marking withdrawal of KCl 
solution. Record d, potential record taken 30 min after record c with O,-saturated 10 mu-KCl 
solution. Only the ‘feet’ of the diphasic action potentials, in the conditioning period and 
during the initial burst of the contracture period, are visible at the slow film speed. A, ‘step’, 
due to withdrawal of KCI solution (see Fig. 5); ¢, ‘dip’ due to refilling chamber with Ringer 
above the previous recording level on the strip. At g, recording stopped for 10 min. 


Effect of the frequency of previous stimulation. If a heart strip, rendered 
‘hypodynamic’ by a sufficiently low Ca concentration of the Ringer’s solution, 
is stimulated at different frequencies, the tension response increases with the 
frequency (Niedergerke, 1956). This is one aspect of the ‘staircase’ which has 
been interpreted by saying that each contraction gives rise to some facilitating 
process which summates and allows successive contractions to develop a higher 
tension. Fig. 3 shows that the tension rise during a KCl contracture also 
depends on the frequency of the preceding stimulation. The strip was immersed 
during the ‘conditioning’ period in 1:5mm-Ca Ringer’s solution and 
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contractures were produced by oxygenated 100 mm-KC!l solution which also 
contained 1-5 mm-Ca. In Fig. 3a and c, the frequency of conditioning stimula- 
tion in Ringer’s solution was about 20/min, while in Fig. 35 it was less than 
1/min. The rise of the KCl contracture is slower and its maximal tension 
smaller after the period of low-frequency stimulation in 5, than after the 
higher frequency in a and c. This suggests that the same process which under- 
lies the ordinary ‘staircase’ (illustrated by the different amplitudes of pro- 
pagated responses during the initial bursts in a, 6, c) facilitates also the KC] 


Fig. 3. ‘Staircase’ phenomenon Of KC) contracture, Upper traces in each record, tension; lower 
traces, potential. Records taken in alphabetical order: a and c obtained after a conditioning 
stimulus frequency of 20/min, 6 after a conditioning frequency of 0-7/min. Contracture 
induced by 100 mm-KC] (1-5 mm-Ca) solution throughout. 


contracture. In the potential records the depolarization after a low frequency 
of stimulation is also somewhat smaller than after a higher frequency. This 
effect is not very marked in Fig. 3 but it was consistently observed in three 
other experiments. The difference in the two conditions was 2-4 mV, i.e. 
about 10% of the maximal depolarization. 


At this point the analogy with the staircase apparently fails, since it has repeatedly been stated 
that action potentials of the heart do not become larger as contractions increase during the 
staircase. In order to ascertain that this was true for the preparations used in the present experi- 
ment, @ staircase was examined, with simultaneous recording of tension and monophasic action 
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potentials, on two of the strips from the above experiment. As found previously (Niedergerke, 
1956), the amplitude of the monophasic action potential, if it changed at all during the staircase, 
became somewhat smaller while the tension increased. 

Relation between KCl concentration and strength of contracture. Fig. 4 shows 
the changes in the height of the contracture, as the KCl concentration is 
increased (cf. also Fischer, 1924). A Ca concentration of 2-5 mm was used 
throughout and the different KCl concentrations were 100 mm (Fig. 4a, d), 
50 m (Fig. 46) and 25 mm (Fig. 4c). Both the depolarization and the tension 
increase when the KCl concentration is raised, but the relations between the 


Fig. 4. Dependence of contracture on KCI concentration. Upper trace, tension; lower trace, 
potential in each record. Records taken in alphabetical order; a and d, 100 mm-KCl solution 
applied to the strip; 6, 50 mm-KCl solution; c, 26 mm-KCl solution. Ringer's and KCl 
solutions contained 2-5 mm-Ca throughout. 


two types of response and the KCl concentration are different. The depolariza- 
tion shows a larger increase between normal (2 mm) and 25 mmu-KCl, than 
between 25 and 50 mm, or between 50 and 100 mm-KCl. This would be expected 
from the known logarithmic relation between external KCl concentration and 
membrane potential in other cells (e.g. Hodgkin, 1951). By contrast, there is 
hardly any tension at 25 mm-KCl, and the main tension increment occurs 
between 50 and 100 mm-KCl. 


Analysis of some features of the potential records 

The extra potential of the ‘ step’. If the KCI solution is drained from the strip, an extra potential 
difference, the ‘step’, appears. This can be interpreted by assuming that the strip is less completely 
depolarized at the junction between the KCl bath and the normal, Ringer-treated, part than at 
a lower point, some distance from the junction. As a consequence, during the drainage the 
additional depolarization of the lower part would appear. This situation is illustrated schematically 
in Fig. 5a on a simplified electrical model of a single muscle fibre. 

KCl solution, introduced from the right, with the fluid level at x =0, establishes a membrane 
e.m.f., B,, along the fibre, from z=0 to x=1, while the left side of the fibre, suspended in air and 
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surrounded by a film of Ringer's solution has a larger membrane e.m.f., £,. The p.d. recorded in 
this position is then : 
, 


It is easy to see that V, is markedly greater than Ey ae oper ae 
resistance r,, for z>0 is very small compared with the membrane resistance for z< 0. 

The experiment of Fig. 5 was carried out to test this interpretation. Two potential curves were 
obtained from a strip bathed in 100 mm-KCl solution. Record 1 was obtained with the usual 
procedure, KCl solution was applied to a given level and withdrawn 20 sec before Ringer’s solution 
was introduced, showing the familiar ‘step’. For record 2, KCI solution was introduced to a leve 
2 mm higher than the previous recording level and after 20 sec lowered to the previous level. 
From this time on, recording position and experimental procedure for both records were the same. 
The extra potential in curve 2 is practically equal to the step in curve 1, and occurs during the 
early lowering of the KCI solution from z=0 to z =a; there is little extra potential when the KC 
solution is finally drained from the chamber. 

This feature is not specific for heart muscle strips but has also been found, giving an effect of 
the same magnitude, on small bundles of the semitendinosus muscle. 

The difference in rate of depolarization and repolarization. The depolarization in KCl develops 
much faster than the repolarization in Ringer’s solution. Four factors might be responsible for 
this difference. (i) Relaxation after a KCl contracture starts as soon as Ringer's solution is applied 
and a region previously contracted will be pulled, from the Ringer bath into air, by the elastic 
force of the stretched remainder. Diffusion of residual KCl from this air-exposed region will 
obviously be slower than from other parts which remain bathed in Ringer's solution. Since the 
potential is recorded from the neighbourhood of this region, repolarization will therefore be 
slowed. This artifact, however, would be very small if—as in the experiment illustrated in Fig. 5c 
—Ca-free solutions which minimize contracture are employed. This is further shown by the 
procedure of Fig. 5c: two records are superimposed; during repolarization of one the potential 
was recorded continuously, while in the other case there were two intermissions during which the 
whole strip was immersed in Ringer's solution. The time course of depolarization in the two curves 
is nearly the same, showing that the artifact discussed above is hardly noticeable. (ii) A more 
important factor is the logarithmic relation between KCl concentration and membrane potential. 
The rise and fall of the recorded potential could therefore not be expected to represent simply the 
time course of diffusion of KCl in the extracellular space. The logarithmic relation will tend to 
make the development of depolarization fast compared with the rise of K concentration in the 
extracellular space, and conversely will cause repolarization to be apparently slower than the fall 
of the extracellular K concentration. (iii) If a part of the strip is depolarized, a component of 
electrotonic spread from this region will occur in a direction perpendicular to the axis of the strip 
because of the syncytial connexions of the heart tissue. This will cause the deeper parts of the 
tissue to become depolarized electrotonically even before the KCl concentration in these regions 
attains a high value. By the same mechanism the superficial layers will be kept depolarized after 
the return of the Ringer’s solution until the KCl has been soaked out from the centre. This 
electrotonic spread will contribute to the difference between the rates of depolarization and 
repolarization if, as seems likely, the membrane resistance is reduced by K-rich solutions. 

In order to estimate the extent to which each of the latter two factors contribute to the form 
of the records, the same experiment as in Fig. 5c, was carried out on bundles of the semitendinosus 
muscle which do not possess syncytial connexions. This provides a fair comparison if the bundles 
are of the same width as the heart strips. It was found that a difference in rise and fall of the 
potentials still existed, but it was much less pronounced than with the heart strips. This suggests 
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x= 


Fig. 5. Some features of the potential records. (a) recording conditions on a single muscle fibre. 
z is the distance along the fibre; r,, the resistance per unit length of the fibre inside, is 
assumed to be constant for all z; r, is the resistance per unit length of the external fluid, 
T» the membrane resistance x unit length. Electrodes for leading off potentials at x= —b 
and z=1, (The distances x =0 to z= —b, and x=0 or =a to x=/ are assumed to be >A, the 
space constant of the fibre on either side of x=0.) Left side of fibre from - 5 to 0 surrounded 
by a film of Ringer’s solution and suspended in air with membrane e.m.f. Z,. Right side of 
fibre soaked in KCl bath solution from z =0 to z=/ with e.m.f. Z,. (6) the significance of the 
potential ‘step’. Two superimposed potential records. Record 2 was taken by raising initially 
the KCI solution to a level 2 mm higher than in record 1. After 20 sec the fluid level of the 
KCl solution was lowered to the same level as that used in record 1. Note that the potential 
drop in record 2, at this moment, has approximately the same size as the ‘step’ in record 1 
which was obtained when the bath was drained. (c) potential curve free from mechanical 
artifact. Two superimposed records of depolarizations by Ca-free 100 mm-KCl solution, taken 
from the same point on the strip. Record 2 recorded continuously, record 1 with two inter- 
ruptions in the phase of repolarization during which the entire length of the strip was short- 
cireuited by Ringer's solution. The diameter of strip used in record 6 and ¢ was exceptionally 
large, 1-4 mm: this is the reason for the comparatively low rate of depolarization. 
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that the syncytial structure of the heart is an important factor in determining the time course 
of the recorded potentials. (iv) It is conceivable that metabolic activity is directly involved in 
establishing the normal membrane potential after treatment with K-rich solutions. This is 
suggested by Csapo & Wilkie’s (1956) recent experiments on the frog’s sartorius, showing very 
slow recovery from depolarization at a low temperature. 


Modifications of potassium chloride contracture due to calevum tons 


The experiments of this section were carried out with O,-saturated solutions, 
and with a constant rate of preliminary stimulation, thus controlling two 
otherwise disturbing factors. 

The effect of different calcium concentrations on the contracture. Ca enhances 
the tension developed in propagated contractions of the heart in a striking 
manner (cf. Niedergerke, 1956). That this holds true also for the tension 
developed in a KCl contracture is shown in Fig. 6. Contractures were elicited 
by applying solutions containing 100 mm-KCl but varying concentrations of 
Ca. Each new Ca concentration was introduced with the Ringer’s solution 
30 min before onset of contracture so as to ‘equilibrate’ the strip with the 
required Ca level. 

As shown in Fig. 6, the peak tension of the contracture rises with the Ca 
concentration up to a concentration of about 4 mm-CaCl,. In two other 
experiments a maximum tension was obtained at a Ca concentration between 
5 and 10 ma. With higher concentrations there is little further change in the 
amplitude of contracture but its rate of rise continues to increase and the 
tate of relaxation continues to decline. 

The potential records at the various Ca concentrations did not show significant 
differences. One of them has been reproduced im Fig. 6f to provide a com- 
parison of the time courses of contracture and depolarization. The general 
result is that Ca appears to enhance contractile strength without altering the 
depolarization produced by a given KCl concentration. Small changes of KCl 
depolarizations due to added Ca may however exist. There is evidence that in 
muscle (Fleckenstein, Wagner & Goggel, 1950) and crab nerve (Guttmann, 
1940) Ca reduces depolarization produced by a given KCl concentration. 
Although this would be an effect in the ‘wrong’ direction, it seemed worth while 
examining more closely whether any changes in depolarization could be held 
responsible for the facilitating action of Ca on the contracture. The experiment 
illustrated in Fig. 7 excludes this possibility. In records 1 and 3, contractures 
were elicited by 50 mm-KCl in the presence of 10 mm-Ca. In record 2, 
100 mm-KCl was used to produce a contracture in a Ca-free solution. It can 
be seen that, when the Ca concentration was high, the smaller depolarization 
was associated with a large contracture (records 1 and 3), while the larger 
depolarization in the Ca-deficient solution had little effect. Hence the action 
of Ca cannot be due to a direct effect on depolarization. 


Another way of expressing the result of the experiment in Fig. 7 is to say 
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that Ca alters the relation between depolarization and contractile tension. 
In the experiment illustrated in Fig. 8 the relation between depolarization and 
plateau tension of a contracture has been measured on a strip at two Ca 
concentrations. Depolarizations were varied by applying solutions containing 
KCl in different concentrations and with either 2 mm-Ca or 10 mm-Ca. With 
2 mm-Ca the relation between plateau tension and KOI concentration has the 
features already known from Fig. 4. Little tension. was developed with 


Fig. 6 Fig. 7 

Fig. 6. Dependence of contracture on Ca concentration. Contractures with 100 mm-KCl solutions, 
but varying Ca concentrations. Tension records: a, Ca-free; b, 1-6 mm-Ca; c, 4 mm-Ca; 
d, 10 mm-Ca; e, 25 mm-Ca. These concentrations were present during contracture period as 
well as the conditioning period except in a, where strip was bathed in Ca-free Ringer's 
solution only during the last 10 min of the conditioning period. Potential record f taken in 
10 mmu-Ca, 100 mm-KCl solution. 

Fig. 7. Ca does not enhance tension by enhancing depolarization. Upper traces, tensions; lower 
traces, depolarizations in each record. Records 1 and 3 with 10 mm-Ca 50 mm-KCl solution, 
and record 2 with Ca-free 100 mm-KCI solution. The Ca concentrations were present during 
contracture periods as well as the conditioning periods, except in c and d where strip was 
bathed in Ca-free Ringer’s solution only during the last 10 min of the preparatory period. 


25 mm-KCl, the main increment in tension being obtained between 50 and 
100: mm-KCl High Ca alters this relation so that the smallest detectable 
contracture occurs at a lower KCl concentration, and the main tension incre- 
ments are observed up to about 50 mm-KCl. 
These results suggest a simple explanation for the results in Fig. 6, viz. that 
Ca influences the strength of a contracture as well as the rates of contraction 
38 PHYSIO. CXXXIV 
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and relaxation. Suppose that contracture tension is determined solely by the 
instantaneous amplitude of the depolarization, and that the effect of Ca is 
merely to alter the quantitative relation between the two values. Fig. 9 
illustrates this hypothesis further: the ‘curves’ of Fig. 8 were converted into 
tension-depolarization curves by assuming (a) that the depolarization with 
10 mm-KCl amounts to 20% of the depolarization with 100 mm-KCl (see 
Weidmann, 1956, p. 41), and (b) that the relation between depolarization and 
KCl concentration is logarithmic in the range of 10-100 mm-KCl, The recon- 
structed curves of tension development resemble the experimental results 
closely (cf. Fig. 6). 


Maximal tension 
T T 


? 
w 


10 20 30 40 50 60 70 80 9 100 
KCI concentration (mm) 


Fig. 8. Relation between tension and KCl concentration at two different Ca concentrations. 
Maximal contracture tension of a strip plotted against varying KCl concentrations. Strip 
remained equilibrated with 2mm or 10 mm-Ca during 30 min conditioning period and the 
contracture time. Frequency of constant electrical stimulation during conditioning period— 
4/min. The order in which the measurements were made is indicated by the numbers. 


Effect of calevum applied or withdrawn during a potassium chloride contracture. 
The effect of Ca on the strength of propagated contractions of a heart strip 
occurs rather quickly, and it has been suggested that the action takes place 
close to the cell surface (Niedergerke, 1956). It was of interest to investigate 
whether such a rapid change can also be observed during a KCI contracture. 
In the experiments illustrated in Fig. 10a and 6, contractures were produced 
with solutions whose Ca concentration differed from those of the Ringer’s 
solution with wlach the strips had previously been equilibrated. 

In Fig. 10a, trace 2, the Ca concentration was 5 mm before, and zero during 
the contracture period. In traces 1 and 3, the Ca concentration remained 
constant, at 5 mm, throughout. The effect of Ca removal is indicated by the 
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difference between traces 2 and 1 or 3; the difference is not very striking in 
this case, but it is significant, for the controls are nearly identical. 

In Fig. 106, traces 1 and 2, Ca-free Ringer’s solution was applied during the 
last 7 min of the pre-contracture period. Contracture was produced in trace 1 
with Ca-free 100 mm-KCl solution and in trace 2 with 5 mu-Ca, 100 mmu-KCl 
solution. In trace 4, the strip remained equilibrated with 5 mm-Ca during 
conditioning and contracture period. The difference between traces 1 and 2 of 
Fig. 106 shows the effect of adding 5 mm-Ca. Trace 2 does not reach the same 
tension as trace 4, probably because the time of exposure to 5 mm-Ca is too 


Tension 10mM-Ca 
PA 


L2mM-Ca 


Depolarization 


Fig. 9. Construction of two tension records from experimental data. Lower part of diagram, right, 
recerd of by 100 solution, redrawn from Fig. 76; left, Fig. 8 


transformed into a tension—d tion diagram. Upper part of diagram, right, two con- 
structed tension records of contractions due to 100 mu-K Cl solution with either 2 or 10 mu-Ca. 


Projections from three points of the potential record indicate the procedure of the construction. 


short. A rough estimate of the speed with which these changes occur is of 
interest. Contracture tension decreased by about 25% in 2-5 min during Ca 
removal and in the same period it increased to about 75% of the equilibrium 
value due to Ca addition. This time course of the Ca effect is of a similar order 
to that determined previously with propagated contractions (Niedergerke, 
1956). 

The striking effect which Ca can produce is further brought out in Fig. 110. 
A strip soaked in Ca-free Ringer’s solution for 10 min was treated with a 
Ca-free 100 mm-KCi solution. This caused depolarization accompanied by 
a barely noticeable tension development. 90 sec later 10 mm-Ca was added 
to the depolarized muscle, causing immediate strong contracture with little 
further change in the potential. The control experiment (Fig. 11a) was similar 
to that in Fig. 106 (2), high Ca (10 mm in 100 mm-KCl solution) being applied 
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directly after a preparatory 10min period in Ca-free Ringer's solution. 
A comparison of the two tension records (11a and 6) shows that the final 
plateau is almost the same in the two cases, whereas the rate of rise of the 
contracture in Fig. 116, with the delayed Ca application, is faster. 


Fig. 10 Fig. 11 

Fig. 10. Tension changes due to Ca removal or addition during contracture period (diameter of 
strip 1mm). Record a, Ca removal; traces 1 and 3, 5mm-Ca Ringer’s solution during 
conditioning period, 5 mm-Ca + 100 mm-KCl solution during contracture; trace 2, 5 mm-Ca 
Ringer’s solution during conditioning period, Ca-free 100 mm-KCl solution during contracture. 
Record 6b, Ca addition; trace 1, Ca-free Ringer’s solution during the last 7 min of the condi- 
tioning period and Ca-free 100 mm-KCl solution during contracture; trace 2, Ca-free Ringer’s 
solution during the last 7 min of the conditioning period, 5 mm-Ca +100 mm-KCl during 
contracture; trace 4, 5 mm-Ca Ringer’s solution during conditioning period and 5 mm-Ca + 
100 mu-KCl during contracture. 


Fig. 11. Effect of Ca on a depolarized strip, diam. 1-1 mm. In both records, upper traces, tensions; 
lower traces, depolarizations. The records started after soaking the strip in Ca-free Ringer's 
solution for 10 min. a, application of 10 mm Ca 100 mm-KCl solution; b, application, initially, 
of a Ca-free 100 mm-KCl solution; 90 sec later, 10 mm-Ca was added to this solution, causing 
an immediate rise of tension. 


DISCUSSION 
It is very probable (see, for example, Kuffler, 1946; Katz, 1950; Fleckenstein 
et al. 1950) that KCl-rich solutions cause contracture by depolarizing the 
surface membrane of muscle cells rather than by changing the intracellular 
electrolyte content. Two findings support this view: (1) The relative rates of 
contraction and relaxation following application and withdrawal of KCl 
solutions are of the same order as the rates of depolarization and repolarization. 
There is therefore hardly time for K ions to diffuse across the cell membrane to 
exert a direct action on the contractile proteins. (2) Contractures in K,S0O, 
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solutions have the same appearance as those in KCl solutions. Since muscle 
cells take up K and swell in KCl, but not inK,S8O, solutions (Overton, 1904) such 
intracellular changes are not likely to be of importance in the development of 
contractures. 

The ‘spontaneous’ decline of the contracture which was not associated with 
a decline in potential may be of complex origin. Two factors which possibly 
contribute are: (1) an exhaustion of some energy store, usually maintained by 


. oxidative metabolism—this is suggested by the difference observed when 


oxygen- or nitrogen-saturated solutions were used (Fig. 2); (2) a loss of Ca from 
the cell may occur during contracture when the bath contains less Ca than 
required for maximal tension development (this is suggested by the experiment 
in Fig. 10a), 

The action of calevum. Ca enhances the contracture associated with a given 
depolarization. In particular, Ca was found to reduce the ‘threshold’ depolari- 
zation necessary to produce noticeable tension. Furthermore, it alters the 
relation between depolarization and tension in such a way that tension incre- 
ments become relatively much greater in the lower range of depolarization. 
This effect helps to explain why high Ca increases the rate of development and 
reduces the rate of relaxation of the contracture (cf. Fig. 9). 

It is still uncertain on which part of the cell Ca produces its action. That an 
easily exchangeable fraction of the cellular Ca is involved was inferred from 
a study of the time course of Ca acting on propagated contractions (Nieder- 
gerke, 1956), and is supported by the present experiments. Thus, Ca produced 
striking effects in the relatively short time of 1-2 min when it was added at 
the beginning or even during a KCl-depolarization (Figs. 10, 11). It may be 
that in these experiments the effect of calcium was accelerated by increased 
rate of entry through the depolarized cell membrane (cf. Fliickiger & Keynes, 
1955). The effect of Ca removal during contracture suggests that the contractile 
process does not require a very firm binding of the Ca by which it has been 
activated. 

It is a matter of conjecture why the effect of Ca on skeletal muscles is not 
present, or is so much less pronounced (Denton, 1948). Factors which might 
explain this difference are the following. (a) Spontaneous decline of the con- 
tracture is much more rapid in most skeletal muscles than in the heart. This 
may obscure a facilitating action of Ca. (6) Skeletal muscles seem to lose 
Ca less easily than the heart muscle (compare for example, Taubmann, 1934, 
with Lieb & Loewi, 1918) and are therefore perhaps always fully activated. 
(c) Ca increases the membrane potential of some skeletal muscle fibres (Jenerick 
& Gerard, 1953; Gossweiler, Kipfer, Poretti & Rummel, 1954), but not of the 
heart (Weidmann, 1955). In addition, it has been reported that it diminishes 
depolarization by a given KCl concentration on skeletal muscle (Fleckenstein 
et al. 1950). These membrane effects might cause the threshold depolarization 
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of contracture to rise and thus cancel any facilitating effect on the contractile 


Staircase phenomenon. The dependence of the KCl contracture on the rate 
of previous stimulation (Fig. 3) was found to be similar to the staircase of 
propagated contractions. In contrast to the staircase, however, the greater 
contracture response was accompanied by a greater amount of depolarization. 
The possible extent to which the altered depolarization contributes to this 
change in the contracture has not been assessed. 


SUMMARY 


1. Tension and surface depolarization of strips of frog’s ventricle were 
recorded during potassium contractures. This was used as a method to study 
the influence of calcium on the contractile response when the excitable 
membrane has been depolarized to a given extent. 

2. High calcium increases the amplitude and rate of rise of the contracture, 
and slows its relaxation. The effect on the tension reaches a maximum at 
a medium calcium concentration (about 5 mm), whereas the speed of con- 
tracture and relaxation continues to change with high calcium concentrations. 

3. The effects of calcium on the potassium contracture are not associated 
with significant changes in the time course or amount of the depolarization. 

4. When calcium is added to, or withdrawn from, a depolarized muscle, 
rapid changes occur in the strength of the contracture. Thus, a depolarized 
muscle can be caused to contract strongly and rapidly by transferring it from 
a low to a high calcium concentration. 

5. The effects of calcium can be summarized by saying that calcium alters 
the relation between depolarization and tension: it enhances tension at all 
levels of depolarizations, but particularly strongly at small depolarizations. 

I wish to express my indebtedness to Professor B. Katz for much help and advice and to 
Mr J. L. Parkinson for his unfailing technical assistance. 
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AN ANALYSIS OF THE FREQUENCIES OF FINGER TREMOR 
IN HEALTHY SUBJECTS 
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It has long been known that muscular activity even in healthy subjects is 
associated with tremor, but the reason for this association has not been clear. 
The present investigation was undertaken in the hope of throwing more light 
on the mechanisms determining tremor frequency. Since individual motor 
units are known to fire at frequencies below that necessary to produce a fused 
tetanus, one possibility is that tremor may represent the pattern of firing 
rates of the motor units. On this view, the normal smoothness of the myogram 
depends on the asynchronous discharge of different motor units and tremor is 
to be regarded as a partial failure in this asynchrony. When the tension exerted 
by the muscle is increased, the firing rates will also increase, particularly if the 
muscle is contracting minimally (Lindsley, 1935; Weddell, Feinstein & Pattle, 
1944; Bigland & Lippold, 1954), and the tremor rate would be expected to alter 
accordingly. Many workers, however, following Schafer (1886), report a 
surprisingly constant tremor rate with a frequency of about 10 c/s. In the 
present experiments the frequency of tremor has been recorded in different 
subjects and at different strengths of muscular contraction and has been found 
to show little variation. 

This regular rhythm may arise in some part of the central nervous system 
above the anterior horn cell, as many workers have believed, but it is also 
possible that it is produced in the reflex arc. The stretch reflex, like other servo- 
mechanisms, may exhibit instability and oscillate at a particular frequency, 
related to the delay round the loop. If the period of oscillation in the muscle 
is twice as long as the delay round the loop, the negative feed-back will become 
positive because its phase is reversed by the delay round the loop, and in this 
case the oscillation may be self-maintained. (This is only strictly true of a 
servo with linear components, but will serve as an approximation.) The delay 
* With a Research Grant from the Medical Research Council. 
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includes both conduction time in the arc and the time taken for the mechanical 
response of the muscle to get under way. Clonus, which occurs pathologically 
in conditions where the reflexes are brisk (and the loop gain high), may well be 
an example of such instability on a gross scale. In the present experiments an 
attempt has been made to correlate normal tremor in different individuals 
with stretch reflex activity; no correlation has been detected, but this is not 
considered as conclusive as if the opposite result had been obtained. 

Apart from any component of tremor produced by the activity of the motor 
units, it seemed possible that the mechanical properties of the trembling part 
might contribute a ‘natural frequency’ of oscillation to the tremor, similar to 
the resonant frequency of a vibrating reed or a tuning fork. In the recordings 
of finger tremor described in this paper, the index finger was held out under a 
tension determined largely by the weight of the finger and the degree of 
voluntary innervation, and in such circumstances it can be shown that the 
finger has a resonant frequency (the ‘natural frequency’) which is seen in the 
die-away oscillations following a sharp tap or flick and alters when weights are 
added to the moving part. The possible appearance of this ‘natural frequency’ 
in the frequency spectrum of physiological tremor has been investigated by 
recording tremor frequencies with different loads on the finger. The change 
observed in the ‘natural frequency’ is not accompanied by any comparable 
change in tremor frequency, so that mechanical factors appear unimportant. 


METHODS 
Any method of investigating tremor should, if possible, use a system free from inertia, as the 
forces concerned are small and any mechanical damping can be expected greatly to modify the 
tremor. In the apparatus used here the finger is made to interrupt the lower part of a parallel 
beam of light, playing on a vertical slit in a black screen, and the light passing through this slit is 
focused on the cathode of a photocell. The potential derived from this cell, which is a measure of 
the amount of slit covered by the finger at any instant, is fed by a cathode-follower to a high-gain 
pentode with anode to grid feed-back. By this means, good linearity (+ 1%) is obtained to the 
a.c. signal over a wide range of d.c. levels corresponding to the shadow of the finger falling on the 
slit at different heights. In practice, linearity is determined by the uniformity of the light beam, 
which gives a response within 5% for a 1 mm deflexion over the whole length of the slit. The 
pre-amplifier output is fed via a single capacitor coupling to a d.c. amplifier with an available 
gain of 10,000, the output of which drives both an oscilloscope and a pen recorder. A second 
channel from the pre-amplifier is subjected to differentiation before being fed to a second d.c. 
amplifier, the output thus representing angular finger velocity. The differentiating circuit is of the 
cathode-follower type, the current through a triode being employed to charge a condenser in the 
cathode (Gray, 1948). In the present series of experiments displacement and velocity traces have 
been recorded simultaneously throughout all the experiments and both traces have been subjected 
to frequency analysis. As it was desirable to record accurately down to 1:5 c/s a time constant 
of 8 sec was used for the displacement record ; that for velocity was 4 sec; the h.f. response of the 
apparatus was flat up to 1000 c/s. For frequency analysis the output from the pen 
either position or velocity was fed into an Ediswan low-frequency analyser (Baldock & Grey 
Walter, 1946), the output being presented in the form of a series of pen deflexions, recording the 
frequency analysis as a histogram over the tremor record to which it applies (Fig. 1). 
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The experimental subjects were members of the medical, nursing, technical, secretarial and 
domestic staff of the hospital, their ages ranging from 17 to 61. During recording the subject sat 
comfortably with the forearm and hand supported on an arm rest and a sponge rubber pad under 
the palm of the hand; he was asked to hold out the right forefinger horizontally in the beam and, 
as far as possible, to try and keep it in the same place, but no especial concentration was called for, 
and the finger was not to be held unduly rigid. Recordings with and without splinting of the 
interphalangeal joints with cellulose tape showed that there was no significant difference in the 
records obtained; almost all the tremor movement takes place at the metacarpophalangeal joint. 
When it was desired to increase the inertia of the finger additional weights were bound with 
cellulose tape beneath the termina! phalanx. 


radian/sec 


Fig. 1. Section of record of finger tremor in an individual subject, recorded from the right index 
with a 100g weight strapped to the terminal phalanx. In the upper trace, amplitude is 
proportional to displacement, in the middle one to velocity. The lowest trace is an analysis of 
the relative amplitude of frequencies present between 1-5 and 30 c/s in the velocity trace during 
the 10 sec period covered by the analysis. The calibration of the frequency analysis which is 
in absolute units applies only to the resonators between 5 and 15 o/s which are all of equal 
band-width. 


In each subject finger tremor has been analysed during five 10 sec periods for displacement and 
velocity, and as a prelude to statistical treatment the mean values have been expressed in arbi- 
trary units of angular displacement or angular velocity at the metacarpophalangeal joint. As it 
was desired to compare the analyses with an input of ‘white noise’, i.e. equal activity at all 
frequencies, the analyses have been corrected to the form they would have if all the resonators in 
the analyser had equal band-width. The original finger movements were measured in radians or 
radians per second about the knuckle joint, but because the amplitude recorded by each filter 
depends on the effective band-width, and the correction has been made only for variations in 
band-width, the final result is not in absolute units. 


RESULTS 
Mean tremor levels for the two sewes. An analysis of the frequencies present 
between 1-5 and 30 c/s was carried out in forty-six healthy subjects, twenty-six 
men and twenty women. Both displacement and velocity records were 
analysed over separate periods of 50 sec., and the mean frequency spectra for 
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the two groups are shown in Figs. 2 and 3. The curve for men is similar to that 
for women. However, these mean curves conceal a wide difference in average 
amplitude between the individual subjects in each group, which varied in 
extreme cases by a factor of 20. In each subject there was also some variation 
in tremor amplitude from one 10 sec period to the next, but this was of a 
relatively low order, 5:1 at most. 


3 6 9 12 15 18 21 24 27 30 
Frequency (c/s) 
Fig. 2. Mean spectrum of finger tremor frequencies for twenty-six men © and for twenty women 
@, obtained from an analysis of finger displacement. Dotted line represents an equal force 
curve (for explanation see text). 


160 


3 6 9 12 15 18 21 24 27 30 
Frequency (c/s) 
Fig. 3. Mean spectrum of tremor frequencies for twenty-six men © and for twenty women @, 
obtained from an analysis of finger velocity. Dotted line represents an equal force curve. 


Tremor frequencies in growps with different mean amplitudes. In view of the 
wide scatter of amplitude within the groups, the similarity between the 
spectra for men and women might have been due to a relatively small number 
of individuals with high amplitude of tremor. The readings were therefore 
rearranged in three new groups, representing high, medium and low amplitudes 
of tremor, the subjects having been first arranged in rank order according to 
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the total amplitude of tremor (calculated by summing the amplitude at all 
frequencies between 1-5 and 30 c/s). To obtain three groups of equal size, one 
subject who had the highest tremor level was omitted. The means for the 
three groups are shown in Figs. 4 and 5. There is a marked peak frequency 
at 9 c/s in the velocity trace of the group showing the most tremor which is not 


Frequency (c/s) 
Fig. 4. Mean spectra of finger tremor frequencies in three groups showing high, medium and low 
amplitude of tremor respectively. Analysis of finger displacement record. 
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Velocity (arbitrary units) 
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21 24 27 30 
Fig. 5. Mean spectra of finger tremor frequencies in three groups showing high, medium and low 


amplitude of tremor respectively. Analysis of finger velocity record. Note similarity of 
tremor frequencies present in all three spectra, in spite of widely differing amplitude. 


seen in the other two, but apart from this there does not appear to be any 
great difference in the frequencies present. The range of frequencies character- 
istic of finger tremor may be said to remain fairly constant at widely differing 
amplitudes. 


Displacement and velocity compared. The appearance of an analysis of frequencies made from a 
record of displacement differs from one of the velocity record (Figs. 2, 3). They may be compared 
with the theoretical curve of ‘equal force’ (or, more strictly, turning moment) as shown by the 
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dotted line in Figs. 2 and 3. In both these records there is a well-marked divergence from this 
curve between 5 and 15 c/s. Since Foma and the mass (m) remains for practical purposes 
constant, equal force (F') is equivalent to equal acceleration (a) at all frequencies. Acceleration is 
proportional to displacement x frequency*, and to velocity x frequency. Hence, for equal sinu- 
 goidal fluctuations of force at all frequencies, displacement amplitudes fall off as the square of 
the frequency, and velocity amplitudes only as the frequency. The result is that the higher 
frequencies of tremor appear larger in the velocity trace, and the equal-force curve falls off less 
steeply (Fig. 3). 

The deviations from this curve, which represents a ‘random’ input, show that external forces 
are acting on the system at the frequencies concerned or, alternatively, that there are resonances 
at these frequencies. In both displacement and velocity records, a band of activity from 5 to 15 c/s 
is demonstrated, but there is a shift on the apparent peak frequency from 5 c/s in the former to 
9 c/s in the latter. This can be misleading if the records are being analysed by simple visual in- 
spection. It is clearly not adequate to report tremor as being of one particular frequency, as has 
often been done by past workers, unless it is made clear that either displacement or its first or 
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Acceleration (arbitrary units) 
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3 6 9 12 15 18 21 24 27 30 
Frequency (c/s) 

Fig. 6. Mean spectrum of tremor frequencies for all forty-six subjects in terms of acceleration, 
obtained by multiplying amplitude of the velocity spectrum by frequency. This is equivalent 
to a force spectrum (see text). Note the band of tremor frequencies between 5 and 15 c/s 
with little or no non-random activity elsewhere in the range covered by the analysis. 


second derivative is being discussed. Recording tremor by attaching a small magnet to the finger 
moving in the vicinity of a coil (Jasper & Andrews, 1938; Newman & Friedlander, 1950) will give 
a higher peak frequency than an optical system recording displacement (Beall, 1925; Mehrtens & 
Pouppirt, 1928), since the former method records velocity, viz. the rate of cutting of the lines of 
force, while the latter records only change of position. 


By multiplying velocity by frequency, a force spectrum is obtained (Fig. 6) which brings out 
more clearly the fact that finger tremor in this series represents quite a clear-cut band of fre- 
quencies between 5 and 15 c/s superimposed on a ‘flat’ base line. 


The ‘natural frequency’ of the finger and the effect of added weights 
The effect of mechanical factors on the frequency of oscillation of the finger 
(its ‘natural frequency’) has been investigated by giving sharp taps over the 
nail of the index finger (held out in the beam as in the tremor recording) and 
measuring the average period of the die-away oscillations which followed the 
tap. These were found to give consistent results provided the initial deflexion 
following the tap was ignored. Recordings were taken in this way on each 
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subject with no weight, 50 and 100 g beneath the terminal phalanx. As well as 
increasing the inertia, the added weight would obviously increase the tension 
under which the finger was held and lead to increased muscular activity. 
‘The added weights would therefore be expected to reduce any frequency 
component of tremor determined by mechanical resonances and to increase, if 
anything, any frequency component due to motor unit discharge. 


Or 


0 50 100 150 200 
Added weight (g) 

Fig. 7. Average frequency of the die-away oscillations following a sharp tap to the finger, with the 
finger unloaded and with various weights. ©, mean frequency for all men in group; [], mean 
frequency for all women in group; 7, A, two individuals with a fuller series of points. 
Compare with Fig. 8. 


The mean ‘natural frequency’ of the unloaded finger for the whole group 


was 27-4 c/s (s.D. 6-64). The additional loading of the finger with 50 g brought 


this down to 10-4 c/s (s.D. 2-69) and with 100 g to 7-6 c/s (s.p. 1°63). In Fig. 7 


the mean frequency for men and women has been plotted separately. For 
these readings each subject was instructed to hold his finger out at the same 
tension as in the tremor record. Check observations on a number of subjects 
showed that minor changes in tension had little effect on the frequency, though 
a considerable increase could be obtained by telling the subject to hold out the 


finger as rigidly as possible. a 
Allowing for experimental error, the frequency appears to show a reciprocal relationship with 


the square root of the added mass, which is what would be expected in a simple mechanical 
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system, e.g. & vibrating reed; thus the frequency fails off more steeply with the first 50 g than 
with the second. A fuller series of points for different attached weights has been obtained on several 
individuals and confirms this result. Values for two individuals are plotted in Fig. 7. For the present 
investigation, however, the essential point is that there is a large change in the mechanical 
resonance of the part, the magnitude of which is mirrored in the change of ‘natural frequency’ 
reported here. This change is so profound that if tremor frequency depends in any way on the 
‘natural frequency’ of the part, it can be expected to change in conformity with it. 


Velocity (arbitrary units) 
282 


8 


w- 


Frequency (c/s) 
Fig. 8. Mean tremor spectra for twenty-six men with the unloaded finger @, and with 50g © 
and 100 g () strapped to the terminal phalanx. Analysis of finger velocity. 
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Frequency (c/s) 
Fig. 9. Mean tremor spectra for twenty women with the unloaded finger @, and with 50g 
and 100 g ( strapped to the terminal phalanx. Analysis of finger velocity. 


The effect of added weights on finger tremor. The mean tremor spectra for the 
loaded and unloaded finger in men and women are shown in Figs. 8 and 9. In 
spite of the lowering of the ‘natural frequency’ trom 27-4 to 7:6 c/s, the three 
tremor spectra are of substantially the same shape. The main component, 
from 5 to 15 c/s, is present in all three, and in the spectrum for men there is no 
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_ apparent tendency for it to change its predominant frequency, though in that 
for women this is shifted from 9 to 7 c/s. As with the tremor of the unloaded 
finger in different subjects (Figs. 4, 5), this constancy of frequency is in 
contrast to the large change in amplitude, an effect which is rather more 
marked in the women than in the men. With the 100 g weight, however, there 
tends to be some smoothing of the contours of the spectrum, the upper fre- 
quencies (from 9 c/s) being proportionately much lower in amplitude than in 
the 50 g record. This is probably due to the increased inertia, and failure of the 
limb to ‘follow’ at higher frequencies. 
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Fig. 10. Mean tremor spectra for those with @ ‘active’ and © ‘not very active’ reflexes, assessed 
clinically (twenty-four and twenty-two subjects respectively). Note the similarity in the 
frequencies present; the difference in amplitude is not statistically significant. Analysis of 
finger velocity. 


Reflex activity and tremor amplitude. An attempt was made to see if there 


was any correlation between stretch reflex activity and tremor. Reflex 
activity was assessed clinically and the subjects were divided into two groups, 
those with active or very active reflexes (twenty-two subjects) and the rest, 
who had less active or absent reflexes (twenty-four subjects). The resulting 
frequency spectra for velocity records are shown in Fig. 10. There is no difference 
in the frequencies of tremor in the two groups. The slightly lower mean 
amplitude of tremor in those with diminished or absent tendon jerks is not 
statistically significant as judged by the ¢ test (¢<1-4 at all frequencies; ¢ is 
2-04 for P=0-05). 


DISCUSSION 
It is clear from the experimental results presented above that the frequency 
spectrum of the muscular forces involved in normal voluntary finger extension 
shows an increase in activity between 5 and 15 o/s, rising to a maximum at 
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about 9c/s. Such a rhythm might result from any of the four following 


causes: 

(1) It might be due to a rhythm imposed on the motoneurones by rhyth- 
mical bursts of impulses from a source or sources higher in the nervous system, 
for example, from the motor cortex or brain-stem reticular formation. 

(2) It might be due to some inherent rhythmical propensity of the spinal 
level of motor organization, either a rhythmical property of the motoneurones 
themselves or of the spinal system of neurones and interneurones. 

(3) It might be due to some rhythmical propensity of the stretch reflex 
mechanism, necessitated, for example, by the delay between a stretch stimulus 
and the development of the resulting corrective muscular forces. The duration 
of this delay is probably of the right order to account for the observed fre- 
quency of tremor. 

(4) The purely mechanical resonant properties of the moving parts— 
finger, tendons and muscles—must play some part in modifying the amplitude 
of movement resulting from rhythmical muscular forces of any particular 
frequency. These properties might, however, be anything from dominant to 
negligible relative to one or more of the first three factors. 

Schafer (1886), using a tambour method of recording muscular contractions, 
claimed to show that a 10/sec rhythm is present in muscular contraction 
whether the contraction is brought about by voluntarily or by stimulation 
of the motor cortex, of the corona radiata, or of the cut end of the spinal 
cord. These findings, especially if confirmed by the use of more satisfactory 
recording technique, would seem to negate the prepotence of rhythmical 
sources above the spinal level. Lindqvist (1941) has shown that whereas 
overbreathing markedly slows the alpha rhythm of the cerebral cortex, it has no 
parallel effect on the frequency of finger tremor. 

There have been considerable differences among previous writers concerning 
the effect of loading a limb on its tremor. Griffiths (1888) reported an increase 
in frequency; Bloch & Busquet (1904), and Bishop, Clare & Price (1948) found 
that tremor rates were unaltered by loading, and Kuhnke (1952) has recently 
reported a decrease in frequency. The present results show that increased 
activity between 5 and 15 c/s, with a maximum around nine cycles, is present 
regardless of the load on the finger. The fact that loading caused a profound 
change in the mechanical properties of the part, as evidenced by the change in 
the frequency of the die-away oscillations following a sharp tap, while tremor 
frequencies remain comparatively unchanged, indicates that mechanical 
resonance is not of decisive importance in determining tremor frequencies. 

The only factors remaining to explain the increase in amplitude between 
5 and 15 c/s are therefore an inherent spinal rhythmicity, or the properties of 
the stretch reflex. The fact that tremor amplitude is not related to the clinical 
briskness of the tendon jerks in normal individuals does not exclude the 
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stretch reflex as the source of the rhythm. Indeed, in tabetic patients with 
partial de-afferentation the normal increase in activity between 5 and 15 c/s 
with a maximum at 9 c/s, is often absent (Halliday & Redfearn, unpublished). 
In view of the known relationship of clonus with the stretch reflex, it is interest- 
ing that Strughold (1927) was able to alter the frequency of patellar clonus in 
the decerebrate cat by varying the moment of inertia of the limb with a 
20 or 40 g weight attached to the leg 8 cm from the knee-joint. However, a 
four-fold increase in the moment of inertia affected a reduction in frequency 
only from the initial 11-12/sec to 9/sec. 


SUMMARY 


1. Finger tremor has been recorded in forty-six healthy subjects, twenty-six 
men and twenty women, by a system free from inertia, and the frequencies 
present between 1-5 and 30 c/s have been determined by the use of an auto- 
matic low-frequency analyser. 

2. All subjects showed a more or less constant spectrum of tremor fre- 
quencies between 5 and 15 c/s. The amplitude of tremor varied widely, 
however, both from individual to individual and, to a less extent, in one 
individual from one time to another. . 

3. Tremor rates computed by measuring the peak frequency (that of 
greatest amplitude) are liable to be misleading unless it is specified whether 
displacement, velocity or acceleration are being recorded. The former will give 
a lower peak reading than its two derivatives. In terms of a force spectrum it 
can be said that energy is being fed into the system between 5 and 15 c/s with 
a peak amplitude at 9-10 c/s. 

4. Tremor frequency is virtually unaffected by loading the finger with 50 
or 100 g, except for some failure to follow at higher frequencies with the larger 
weight. This is in marked contrast to the amplitude, which increases greatly 
with increasing load. As the added weights profoundly affect the mechanical 
properties of the finger (reducing the frequency of the die-away oscillations 
following a sharp tap from 27 to 7 c/s), but do not alter tremor rate, it can be 
concluded that tremor rates are virtually independent of the mechanical 
properties of the limb. 

5. Stretch reflex activity was assessed clinically, and tremor amplitude and 
frequency were compared in two groups whose tendon jerks were ‘active’ and 
“not very active’ respectively. There was no difference in tremor frequencies 
and no significant difference in tremor amplitude between the two groups. - 

6. These results do not. necessarily imply that the tremor rhythm cannot 
be due to servo instability in the stretch reflex arc, as such a mechanism would 
“é expected to be relatively independent of loading and of small changes in 

Oop gain. 
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THE EFFECT OF BODY HEATING ON THE CIRCULATION 
IN SKIN AND MUSCLE 
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(Received 2 July 1956) 


The blood flow in the human forearm increases when the body temperature is 
raised by heating. The problem is to determine whether the increase is occur- 
ring in skin, or in muscle, or in both. Barcroft, Bonnar & Edholm (1947) 
studied the effect of body heating on the forearm blood flow after the cutaneous 
circulation had been suppressed by the iontophoresis of adrenaline. They 
came to the conclusion that the greater part of the increased flow was due to 
dilatation of the muscle blood vessels. Subsequently, similar experiments, 
with some modification in technique, showed that the increase in the skin 
blood flow on body heating was apparently much greater than the earlier 
work suggested (Cooper, Edholm, Fletcher, Fox & Macpherson, 1954). In 
fact, the increase in the skin blood flow was so large it seemed possible that 
with further refinements of technique the whole of the increase might be 
found to be passing through the skin. The experiments to be described were 
performed in an attempt to decide this point. 


METHODS 


Healthy men aged 27-46 acted as subjects; one had taken part in the two previous investigations. 
Room temperature was 26-5 + 0-5° C. The subject sat in a bath with the legs and lower part of the 
trunk immersed in water. The bath water was kept vigorously stirred and its temperature could 
be regulated as required. An inflated immersion suit covered the trunk, head and upper arms and 
reduced heat loss from the non-immersed part of the body (Kerslake & Cooper, 1954). Forearm 
blood flow was measured simultaneously in the two arms, using essentially the same technique as 
Cooper, Edholm & Mottram (1955), except that ten inflow traces were obtained, with the venous 
occlusion on for 5 sec, and open to atmosphere for 10 sec. Flow recordings lasted for 2} min and 
the interval between recordings was 2} min. The blood flow for each 5 min period represents the 
average of the last eight inflow traces made during the first 2} min of that time. 

Adrenaline iontophoresis. The general procedure was similar to that described by Cooper et al. 
(1955). The solution of adrenaline 1: 2000 was prepared immediately before use by dissolving 
1:50 g adrenaline in 31. boiled glass-distilled water acidified with phosphoric acid (H,PO,) at a 
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temperature of 34-36° C. When the adrenaline was in solution the pH was adjusted to 4-5 by the 
addition of trisodium phosphate buffer. In all experiments the details of the iontophoresis were 
precisely similar, i.e. the current was increased up to 20 mA during the first 2 min, maintained at 
20 mA for 16 min, and lowered to zero mA in 2 min, giving a total of 20 min. 

Experimental procedure. The experiments began at about 2 p.m. After the subject had entered 
the bath, the fitting of the plethysmographs and initial calibration occupied approximately 
30 min. Great care was taken to ensure the subject’s comfort, and in all experiments the subjects 
were drowsy and relaxed by the time the first blood-flow measurements were made. Four or more 
series of blood-flow measurements were carried out at 5 min intervals, and during this period the 
bath temperature was adjusted so that the subject’s body temperature did not alter significantly 
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Fig. 1. Blood flows in both forearms (@ right, [ left) before and after adrenaline iontophoresis 
of the right forearm and showing the effect of body heating; also shown are pulse and oral 
temperature which remained relatively constant until the period of heating. 


after entering the bath. The plethysmograph temperatures were kept constant at 34° C through- 
out the experiment. One forearm, either the left or the right, was then removed from its plethysmo- 
graph, the iontophoresis was performed and the forearm returned to its former position in the 
plethysmograph. A further four blood-flow determinations were obtained and then the tempera- 
ture of the bath was raised to 41° C. When the oral temperature had risen to approximately 
37-8° C the bath temperature was lowered to 38°C. This prevented any further rise in oral 
temperature, which remained at about 38° C. Four or more series of blood-flow determinations 
were made, and then the effect of cooling the bath to 25° C was observed before the experiment 
was terminated, 


3 


RESULTS 


The results of one experiment are shown in detail in Fig. 1. Initially the blood 
flows in both forearms were similar. After adrenaline iontophoresis of the 
right forearm the blood flow through it decreased. The blood flow in the left 
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forearm responded to body heating by increasing from just over 5 ml. to 
about 13 ml./100 ml. forearm/min. On cooling the bath to 25°C the blood 
flow returned to its preheating level. The blood flow in the right forearm 
showed little change during heating or cooling. 

The response of the forearm blood flow, with and without adrenaline ionto- 
phoresis, to body heating in the remaining eight experiments is shown in 
Fig. 2 (i-iv). One further experiment in this series had to be discarded because 
there was a marked general absorption of adrenaline. In two of the experi- 
ments (Fig. 2, nos. iiia and iiid) there is clear evidence of some increase in the 
blood flow in the treated forearm when the subject was heated, in one experi- 
ment there is a suggestion of a decrease (Fig. 2, no. iid), and in the remainder 
there is either no change or a very small increase. 
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Fig. 2. The blood flow through normal and treated forearms, the latter being shown in the lower 
trace in every case, in eight experiments on four subjects (i-iv) before and after heating; 
symbols as Fig. 1. 


Control experiments were performed on each subject to show that on 
heating (without iontophoresis) the vasodilatation was approximately equal 
in both forearms, and further, that after iontophoresis to one forearm, when the 
subject was not heated, the blood flow in the treated forearm remained at a 
consistently low level for periods in excess of an hour (Fig. 3). 

Before concluding from these experiments that iontophoresis of adrenaline 
suppresses the vasodilatation, which normally occurs on heating, by occluding 
the skin circulation, it was necessary to show that the iontophoresis had not 
been so drastic that adrenaline had penetrated below the superficial tissues 
and in some way prevented the muscle vessels from responding. To exclude 
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Fig. 3. Representative control experiments: (a) blood flows in both forearms with body heating 
and cooling, without adrenaline iontophoresis; (b) blood flows in both forearms before and 
after adrenaline iontophoresis of the right forearm, without body heating; symbols as Fig. 1. 
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Blood flow (mi./100 ml. forearm/min). 
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Fig. 4. Results of expt. in which noradrenaline was used in place of adrenaline for the suppression 
of the cutaneous circulation in the left forearm; symbols as Fig. 1. The results are similar to 
those shown in Fig. 1. 
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this possibility the post-exercise hyperaemia following a standardized hand- 
gripping exercise was measured simultaneously in contrel and treated fore- 
arms, both when the body temperature was normal and when it was raised. 
The increase in blood flow was the same in the control and treated forearms, 
so it was concluded that the use of adrenaline to suppress the cutaneous 
circulation had not appreciably affected the muscle blood vessels. 

Two experiments were performed on two subjects using noradrenaline 
instead of adrenaline. The results of one experiment are shown in Fig. 4, and 
are similar to those obtained using adrenaline. However, there were sub- 
jective indications of absorption, and there did not appear to be any advantage 
in substituting noradrenaline for adrenaline. 


DISCUSSION 


Skin and muscle together comprise about 70% of the human forearm and the 
remaining tissues are all relatively avascular (Cooper e¢ al. 1955). If the 
assumption is made that the blood flow through the forearm tissues other than 
skin and muscle is comparatively small, the results reported may be used to 
provide an indication of the partition in blood flow between skin and muscle. 
The difference between the forearm blood flows before and after iontophoresis 
represents the skin blood flow, and the post-iontophoresis values the muscle 
blood flow. When body temperature is raised the difference between the flows 
in the treated forearm and the control forearm represents the skin blood flow, 
and the flow through the treated limb represents the muscle blood flow. The 
mean values for skin and muscle blood flows taken from the nine iontophoresis 
experiments, together with additional points obtained from the control 
experiments, are plotted against total forearm flow in the scatter diagrams 
(Fig. 5). The mean value for the muscle blood flow at normal body temperature 
was 2-75 ml./100 ml. forearm/min. If the muscle flow. remains unchanged 
when the body temperature is raised the skin blood flow should bear a one-to- 
one relationship with the total forearm flow after subtracting the muscle flow. 
The line which represents this relationship is shown in Fig. 5, and it can be 
seen how closely the observed values fulfilled this condition. 

The values for skin blood flow shown in Fig. 5 range from approximately 
1 to 14 ml./100 ml. forearm/min. These values can be expressed in terms of 
the blood flow per unit volume of skin, using the figures given by Cooper et al. 
(1955) for the calculation. During body heating, approximately 75% of the 
total flow is passing through the cutaneous vessels, and the flow is up to a 
maximum of 165 ml./100 ml. skin/min. This is a high figure, especially when 
it is remembered that no arteriovenous anastomoses have so far been demon- 
strated in the forearm skin. 


In some experiments, however, there was a small increase in the blood flow 
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in the treated forearm on heating, and this can only be explained either by a 
vasodilatation in the muscle and deeper tissues, or in areas of skin in which 
the iontophoresis was incomplete. At the end of each experiment the forearm 
was carefully inspected for evidence of flushing after a period of arterial 
occlusion, but this test did not reveal any consistent difference in the appear- 
ance or response of the forearm skin between those experiments in which the 
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Total forearm blood flow (ml./100 ml. forearm/ min) 
Fig. 5. Relation between total forearm blood flow and (a) skin blood flow, (6) muscle blood flow; 
O, flows before body heating; @, flows during body heating. The line shown in (a) represents 
the one-to-one relationship for an increase in total forearm blood flow above 2-75 ml./100 ml. 
forearm/min and is the line on which the points would fall if all the increase were passing 
through the skin. 


increased blood flow was observed and those in which it was absent. Never- 
theless, since there were some experiments in which there was no appreciable 
change in the forearm blood flow and in the remaining experiments the increase 
was of a variable magnitude, it seems probable that when the vasodilatation 
was observed it was caused by a failure to obtain a complete closure of the 
skin vessels. If this view is accepted, the results of our experiments show that 
the increase in forearm blood flow, which occurs when the temperature of the 
body is raised by heating, is confined to the skin and superficial tissue. 
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In some experiments, not included in this series, the duration of the ionto- 
phoresis was reduced to 10 min. In spite of an apparently complete cutaneous 
vasoconstriction, there was a significant increase in flow on body heating. It 
has, indeed, proved to be difficult to produce a uniform effect by the ionto- 
phoresis of adrenaline into the skin. Increasing the duration or intensity of 
the iontophoresis incurs the risk of adrenaline absorption with increased pulse 
rate, blood pressure and muscle blood flow, in addition to unpleasant sub- 
jective effects. 

An explanation which appears to fit the facts is that part of the increased 
blood flow in the skin is taking place in the deeper layers to which the 
adrenaline penetrates only with an adequate current intensity; and this may 
explain the difference between these results and those previously reported. 
It seems probable that the duration and intensity of the iontophoresis is the 
critical factor. In the earlier work of Cooper et al. (1954) there was some 
increase in flow during body heating after the skin circulation had apparently 
been suppressed. In those experiments the current intensity was frequently 
less than in the experiments reported here. Pallor of the skin is not an adequate 
guide to the completeness of the suppression of the cutaneous circulation. 

The conclusion of this work, that the increase in blood flow on body heating 
is entirely, or virtually entirely, in the skin vessels, is in substantial agreement 
with the recent findings of Barcroft, Bock, Hensel & Kitchin (1955), who used 
a calorimetric sound to measure the muscle blood flow in the calf and forearm. 
There was no increase in the muscle blood flow on body heating; indeed, there 
was on occasion an apparent decrease. Further information is given by 
Roddie, Shepherd & Whelan (1956) using the O, saturation of venous blood 
draining the skin and muscle vessels as an indicator of flow, who have shown 
that there is no change in muscle flow but a substantial increase in the cutaneous 
blood flow on body heating. 


SUMMARY 

1. The blood flow in the human forearm was measured using water-filled 
plethysmographs under standardized conditions, before and after ionto- 
phoresis of adrenaline to occlude the skin circulation and with the body 
temperature in normal and elevated states. 

2. The results indicate that the increase in forearm blood flow which occurs 
when the body temperature is raised by heating is confined to the skin and 
superficial tissues. 

3. The difference between these results and those previously reported, in 
which the iontophoresis technique was also used, is attributed to the more 
intense iontophoresis of adrenaline into the skin. Pallor of the skin is not an 
adequate guide to the degree of the cutaneous vasoconstriction. 
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Although most fishes cannot tolerate large changes in the salinity of their 
environment, some can pass freely between fresh and salt water. They are the 
migratory fishes. It has been suggested that the visual pigments (VP) of 
these animals are mixtures of the visual pigments characteristic of true salt- 
water and true fresh-water species. 

Thus Wald (1949) writes: ‘To summarize our present information, true 
land and sea vertebrates have the rhodopsin system; true fresh-water verte- 
brates have porphyropsin; while those equivocal forms which can distribute 
their lives between fresh water and one of the other environments frequently 
possess both photopigments, mixed or in temporal succession’. Wald (1941) 
prepared digitonin extracts from the alum-hardened retinae of certain 
migratory fishes: the Rainbow trout (Salmo irideus), the Brook trout (Salve- 
linus fontinalis) and the Chinook salmon (Oncorhyncus tschawytscha). Referring 
to such extracts, Wald writes: ‘The photopigment absorption maxima occur at 
510-515 my, approximately halfway between those of rhodopsin (500 my) and 
of porphyropsin (522 mu). These represent mixtures of both these pigments’. 

The conclusion that the Rainbow trout possessed a mixture of rhodopsin 
and porphyropsin was not put to the test; it was inferred mainly from the 
fact that the absorption maxima of the extracts themselves were intermediate 
between those of these two pigments. During the past few years it has become 
increasingly clear that conclusions based upon this information alone can be 
somewhat misleading. Only when the solution is bleached in stages by the use 
of monochromatic lights do the nature and number of the contained visual 
pigments become apparent. This procedure is involved in the method of 
partial bleaching. It is clear that a more thorough examination of such fishes is 
required. In the work described here, digitonin extracts were prepared from 
the dark-adapted retinae of the Rainbow trout, and the contained photo- 
sensitive material was examined by the method of partial bleaching. 
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METHODS 
Material. The Rainbow trout (Salmo irideus) were 2-3 years old, weighed 200-250 g and 
measured 11-12 in. (28-30 cm) long. They were kept in a large, open bath supplied with an abun- 
dance of fresh, running tap water. 


Extraction of photosensitive pigments 

The fish were transferred into a dark-adapting tank supplied with plenty of running water. The 
period of dark adaptation varied from 2 to 15 hr, after which the tank was drained and the fish 
were allowed to die. All subsequent operations were carried out in the feeble illumination of a 
deep red Kodak safe-light. 

The fish were then guillotined, and the severed heads thoroughly washed beneath a running tap. 
With a pair of sharp-pointed scissors an incision was made at the edge of the cornea and was 
extended to make a circular cut around the corneo-scleral junction. This permitted the whole 
cornea to be lifted away. A fine pair of curved forceps was inserted into the interior of the opened 
eye, and the lens together with as much as possible of the vitreous humour was removed. A piece- 
meal removal of the retina could then be carried out. 

Two methods were employed for the extraction of the photosensitive retinal pigments. In the 
first, the retinae were simply washed four or five times with an acid phosphate buffer, then 
extracted with an aqueous digitonin solution. The second method involved the separation of the 
photoreceptor outer limbs from the other retinal tissues. This was done by suspension in a sucrose 
solution of specific gravity equal to that of the outer limbs, but somewhat less than that of the 
unwanted retinal tissue (Saito, 1938). 

Method 1, Four retinae were transferred to 2 ml. of McIlvaine’s pH 4-6 buffer. The mass was 
thoroughly stirred with a steel ball operated by a powerful magnet, and was then centrifuged for 
20 min. The somewhat cloudy supernatant fluid was usually reddish brown in colour, probably 
owing to haemoglobin and to pigments originating in the choroidal gland. The supernatant was 
pipetted off, a further 2 ml. of pH 4-6 buffer was added to the residue, and the mixture stirred and 
centrifuged as before. The retinae were treated about five times in this manner. The colour of the 
washing fluids ranged from reddish brown in the first to straw yellow in the last. 

After removal of the final washing fluid, 2 ml. of freshly prepared 2% (w/v) aqueous digitonin 
solution was added to the retinae, stirred vigorously with the steel ball for 2 min, then centrifuged 
for 20 min. The clear digitonin extract, which contained most of the photosensitive material, was 
pipetted into a clean storage tube, and the process repeated with a further 2 ml. portion of 
digitonin solution. The second extract was mixed with the first. 0-4 ml. of a saturated solution of 
sodium tetraborate (i.e. 1/10 of the volume of the total extract) was added to the extract, which 
was then stored in darkness at 3° C. A 4 ml. portion of the unused digitonin solution was treated 
similarly with 0-4 ml. of saturated sodium tetraborate and stored under identical conditions. This 
solution served as a ‘blank’ in the optical density measurements. 

Method 2. The retinae from two fish were dropped into 2 ml. of 35 % (w/v) sucrose solution. The 
mixture was shaken vigorously for 2 min. and then centrifuged for 20 min. The supernatant sus- 
pension of detached photoreceptor outer limbs was pipetted off and retained. The whole process 
was repeated by adding successive 2 ml. portions of the sucrose solution to the residue, until a 
comparatively clear supernatant fluid indicated that removal of the outer segments was complete. 

Each 2 ml. portion of suspensiun was placed in a separate 10 ml. centrifuge tube, and diluted 
by the addition of 4 ml. of pH 4-6 buffer. The tubes were then centrifuged for 20 min, after which 
the diluted sucrose solution was withdrawn from the sedimented material. 3 x 2 ml. portions of 
pH 4-6 buffer were used to wash the contents of all the tubes into one tube. The mixture was then 
centrifuged as before, and the straw-coloured, faintly opalescent supernatant fluid was removed. 

The sediment was now treated in the same manner as the washed retinae in method 1, and was 
extracted with 2 x 2 ml. portions of fresh 2% digitonin solution. Sodium tetraborate was added 
as before, and the extract stored in darkness at 3°C. A digitonin ‘blank’ was prepared as pre- 
viously described. 
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Measurement of absorption spectra. A spectrophotometer similar to that described by Dartnall 
(1952) was used for measurement of optical densities. The optical density of a solution was always 
measured for a path length of 0-5om and with respect to the appropriate digitonin ‘blank’. 
Optical density was usually measured from 380 to 680 mp, at intervals of 10 mp. In order to 
ensure that the solutions were photometrically stable, readings were taken at 20 my intervals 
from 380 to 680 my, then at 20 my intervals from 670 to 390 mp. Since a period of about 1 hr 
elapsed between the first reading at 380 my and the last reading at 390 my, any instability caused 
by decomposition, pigment regeneration and changing opalescence appeared as a failure of the 
return measurements to retrace the path of the outward ones. Throughout a series of measure- 
ments, the temperature of the solutions was maintained at 20+0-4° C. 

Bleaching apparatus. ‘White’ bleachings were carried out by exposure of the solutions to a 
6 V, 24 W car headlamp bulb (tungsten filament). Monochromatic bleachings were carried out by 
exposure of the solutions to the light from a Hilger-Barfit monochromator in the apparatus 
described by Dartnall (1952). The various stray light filters used were similar to those described 
by Dartnall. 

Taz 1. Details of extracts used in the present work 


Average 
Extract No.of wt.per No. of 


Extract 
no. fish fish (g)  retinae Method vol. (ml.) pH* 
C 15 4 240 8 W.R. 4-4 8-42 
C31 4 185 8 O.L. 4-4 8-61 
C 68 4 210 7 O.L. 4-4 8-53 
T 60 6 200 ll O.L. 6-6 8-54 


W.R., extract from whole retinae (method 1); O.L., extract from isolated photoreceptor outer 
limbs (method 2). 


* The pH of bleached solutions was measured with a Cambridge sealed glass electrode (minia- 
ture type); measurements were at 20+ 3° C. 


RESULTS 
Fresh extracts obtained from dark-adapted Rainbow trout retinae were always 
photometrically unstable. After 3 days’ storage at 3° C, however, the solutions 
displayed the high degree of stability required for these experiments. During 
this period a fine white non-photosensitive sediment formed at the bottom of 
the storage tubes. 
‘White’ light difference spectra . 

Exposure of the extracts to ‘white’ light caused a change of colour from 
pink to yellow. This change can be quantitatively expressed by subtraction of 
the absorption spectrum of the bleached solution from that of the unbleached 
solution. The resulting curve, which is a function of wave-length and change 
in optical density, is called a difference spectrum. 

The Amax. of the ‘white’ light difference spectrum was at 519 mp (see 
Table 2) and the position of maximum density gain was at about 405 my. 
The ‘white’ light difference spectrum, however, can give little indication of 
the composition of a photosensitive solution. This applies to any difference 
spectrum obtained by completely bleaching a solution in a single stage. If a 
solution contains a number of visual pigments absorbing in different parts of 
the spectrum, it is possible to achieve a partial separation by exposure to 
monochromatic light in quantity insufficient to bleach all the photosensitive 
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material. If, on the other hand, the solution contains a single visual pigment, 
then the difference spectrum will be independent of the wave-length of bleach- 
ing light and of the fraction of pigment bleached. Further experiments were 
designed to determine whether a single pigment was present, or whether the 
extracts contained a mixture of visual pigments. | 


The non-homogeneity of the Rainbow trout photopigment 

The exposure of extract C15, sample 6 to red light indicated at once that 
more than one visual pigment was present. The loss of optical density which 
occurred during 1 hr exposure to light of dominant wave-length 620 mu was 
maximal at 527 mu. Completion of the bleaching process by 15 min exposure 
to white light caused a maximal loss of density at 512 my (Table 2). 

In order to obtain more precise information about the visual pigment 
content of the extracts it was necessary to carry out the bleaching operation in 
many stages. Fig. 1 shows the difference spectra representing each stage of a 


TaBLE 2. Details of experiments 


Bleaching conditions 
Age Duration 
Extract (days) Light (my) hr min AD max.* Amax. (mp) 
C15 
Sample a 3 White 10 —0-2211 519 
Sample 5 5 620 1 -0-1179 527 
White 15 0-1030 512 
Sample a 20 650 1 — 0-0183 530 
650 — 0-0128 528 
680 12 —0-0219 525 
630 17 — 0-0450 513 
White 15 — 0-0306 506 
C68 
Sample a 3 White 10 — 0-1650 519 
Sample } 71 650 3 30 — 0-0448 528 
650 3 — 0-0160 520 
Left 8 hr + 0-0023 c. 468* 
580 1 — 0-0243 508 
520 1 30 — 0-0366 506 
Left 48 hr + 0-0020 c. 463* 
White 15 — 0-0096 507 
Sample c 93 35 — 0-0227 532 
$00 35 —0-0143 529 
670 14 - 0-0311 §22 
650t 35 — 0-0033 515 
580+ 25 — 0-0208 507 
White 10 — 0-0382 507 
0-0191 533 
a 60 30 
— 30 —0-0121 531 
680 14 — 0-0196 523 
650T 30 0-0047 520 
440+ 1 30 — 0-0206 507 
White 10 —0-0472 507 


* A Dmax. signifies the change in optical density at the A max. 
+ Mirror placed behind optical cell in order to decrease the bleaching time. 
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typical series of bleachings (extract (68, sample c). Curves 1 and 2 were 
obtained by 35 min exposures to 1650 my light, curve 3 by 14 hr exposure to 
\670 my light, curve 4 by another 35 min exposure to A650 my light, and 
curves 5 and 6 represent the completion of the bleaching process by exposure 
to A580 my and ‘white’ light respectively. 


density 
3 


380 420 460 500 540 580 620 
Wave-length (my) 


Fig. 1. Series of difference spectra obtained in a typical bleaching experiment. 1, after exposure 
to red light, 35 min, A650 my; 2, after further exposure to red light, 35 min, 4650 my; 
3, after further exposure to red light, 14 hr, A670 my; 4, after further exposure to red light, 
35 min, A650 my; 5, after further exposure to yellow light, 25 min, A580 my; 6, after exposure 
to white light, 10 min. 


From Fig. 1 it may be seen that the Amax. of consecutive difference spectra 
gradually shift towards the blue end of the spectrum. Thus the Amax. of the 
two initial difference spectra are at 532 and 529 my respectively, whilst 
successive difference spectra have Amax. at 522 my, at about 515 mp and 
finally at 507 my. Although the two initial red bleachings yielded difference 
spectra with ADmax. (loss of optical density at the Amax.) of 0-0227 and 
0-0143 respectively, after prolonged exposure to red light a similar red bleach- 
ing yields a difference spectrum with A Dmax. of only 0-0033. This showed 
that the solution had lost virtually all its red-sensitive material. 

It was reasonable to suppose that the solution contained at least two photo- 
sensitive pigments. One of these, which appeared appreciably sensitive to red 
light, absorbed maximally at a wave-length longer than 532 my (the Amax. 
of the difference spectrum obtained after the initial exposure to light of 
wave-length 650 mu). When this pigment had been selectively removed by 
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exhaustively bleaching the extract with red light, there remained a compara- 
tively red-insensitive pigment, which bleached to yield difference spectra of 
Amax. 507 my. 


The homogeneity of the red-insensitive pigment 

It was found that when extracts had been exposed to long-wave-length 
light of intensity and duration sufficient to destroy the red-sensitive material 
all subsequent exposures to monochromatic or white light yielded difference 
spectra maximal at 507 + 2 my. This is clearly seen in the sequence of difference 
spectra shown in Fig. 1, where the full-line curves, representing difference 
spectra for the final exposures to yellow and white light, are identical when 
plotted with their maxima = 100. 
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Fig. 2. Difference spectra for the red-insensitive pigment. ©, after bleaching with green light 

A520 my (extract C68 sample b); x, after bleaching with violet light 4440 mp (extract T 60 

sample a); +, after bleaching with yellow light A580 my (extract C68 sample c); 1), ‘white’ 
following the violet, @ ‘white’ following the yellow. 


Similar results were obtained in other experiments (Table 2), where the 
red-insensitive material was bleached in stages by the use of violet light 
(A440 my), green light (A520 my), yellow light (A580 my) and ‘white’ light 
(from a tungsten filament lamp). In order to facilitate comparison, these 
spectra are plotted with their maxima=100. Fig. 2 shows five such spectra, 
resulting from bleachings with violet light, green light, yellow light, white 
following the violet and white following the yellow. These difference spectra 
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are independent of the wave-length of bleaching light, and of the proportion 
of pigment bleached. It is clear that they represent the bleaching of a single 
pigment, possessing an absorption maximum at 507 + 2 mp. 


The red-sensitive component 

Bleaching the mixture with red light only preferentially removes the red- 
sensitive material: some bleaching of VP 507 must inevitably occur. 
Consequently, the difference spectra obtained with red light bleachings 
represent ‘mixed’ difference spectra, though predominantly of the red-sensitive 
component. The absorption maxima of these difference spectra lie at wave- 
lengths shorter than the Amax. of the pure red-sensitive difference spectrum, 
the displacement depending on the degree of ‘contamination’. 

At long wave-lengths VP 507 has a very low photosensitivity, and therefore 
only a small proportion bleaches in these operations. In the initial red bleach- 
ings, when large quantities of red-sensitive material were bleached, one might 
expect only a small degree of contamination. Since these initial difference 
spectra had absorption maxima ranging from 527 to 533 my (Table 2), it was 
probable that the Amax. for the red-sensitive difference spectrum lay at, or a 
little beyond, 533 my. 

Most of the bleaching experiments were started with a half-hour exposure 
to light of A650 my, in order to obtain as ‘pure’ a difference spectrum as 
_ possible for the red-sensitive component. If one knew what small propor- 
tion of VP 507 had been bleached in such an operation, subtraction from the 
observed difference spectrum would then provide a true difference spectrum 
for the red-sensitive component. An estimate of the small proportion of 
VP 507 concurrently bleached in these initial red exposures was obtained as 
follows. After the initial exposures, the red-sensitive material was virtually all 
removed by bleaching the solution with red light. This solution was then 
exposed to light of the same wave-length and duration as was used in the 
initial exposures (as in the experiment of Fig. 1). The very small amount of 
VP 507 bleached could then be used as a close approximation to that amount 
contributing to the difference spectra of the initial exposures. 

When the ‘slightly contaminated’ initial difference spectra were so cor- 
rected, they yielded curves which, within experimental error, were identical 
with the difference spectrum of VP 533 (Dartnall, 1952). Thus in Fig. 3 the 
mean of three corrected difference spectra for the red-sensitive material (the 
first from extract C68, sample c, and the first two from extract T 60, sample a), 
plotted as filled circles, corresponds closely with the curve representing the 
difference spectrum of VP 533. 

The conclusion that the red-sensitive component is VP 533 is further sup- 
ported by the analysis of intermediate difference spectra (e.g. curve 3, Fig. 1). 
When the contributions of VP 533 are subtracted from these composite 
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spectra, the VP 507 difference spectrum remains. This could only happen if 
the red-sensitive material were a single, homogeneous pigment with Amax. 
at 533 mp. 


20 + 
40+ 4 
« 
ys 480 520 560 600 640 380 420 460 500 540 580 620 
Wave-length (my) Wave-length (mz) 
Fig. 3 Fig. 4 
Fig. 3. Comparison of the difference spectrum of the Rainbow trout red-sensitive pigment, with 
that of tench VP 533: ——, difference spectrum of tench VP 533 (Dartnall, 1952); @, mean 
of three difference spectra of the Rainbow trout red-sensitive pigment (corrected for VP 507, 


see text). 


Pig. 4 Tho composite diference spectrum (gum of the diference spectre of Fig. 1 split into the 
difference spectra of VP 507 and VP 533: @, the contposite difference spectrum; ©, the 
difference spectrum of VP 507; O, difference spectrum of VP 533. 


The composition of extracts and the thermal stability 
of visual pigments 507 and 533 

A difference spectrum can be expressed as the sum of the difference spectra 
of its component pigments. In Fig. 4 the ‘over-all’ difference spectrum for 
extract C68, sample c (i.e. the sum of the difference spectra of Fig. 1) has been 
split into its two component difference spectra. The respective A Dmax. 
values are proportional to the amounts of VP 507 and VP 533, which give a 
ratio of 1:0-69 for VP 507 to VP 533. In Table 3 this is contrasted with a 
ratio of 1:1-13 for extract C68 sample a. 

The 3-day-old sample (C68, sample a) had a white light difference spectrum 
maximal at 519 mu. After 13 weeks’ storage at 3° C, the Amax. of the over-all 
difference spectrum had changed to 516 my. (C68, sample c). This shift of 
Amax. was accompanied by a loss of eisai material, affecting 


principally the VP 533. 
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Table 3 shows that over the 13-week period the loss of VP 533 was 40% 
compared with only 1% for VP 507. This observation recalls Dartnall’s 
experiences with the visual pigments of the bleak. Dartnall (1955) reported 
the occurrence of density losses maximal at 535 and 540 my respectively during 
storage of two of his extracts under similar conditions. The position of the 
maximum density losses indicated that they were chiefly of VP 533 and VP 550. 
Dartnall suggested that ‘those pigments absorbing in the higher reaches of the 
spectrum were less stable than those absorbing at shorter wave-lengths’. In 
Rainbow trout, VP 507 is 40 times more stable than VP 533, the absorption 
maximum of which is 26 mp further towards the red end of the spectrum. 
The decreased stability of red-absorbing pigments may be ascribed to the 
absorption of quanta of ‘temperature radiation’ in the short infra-red. Low 
temperature storage is therefore essential if there is to be minimum loss of 
red-sensitive pigments. 


Taste 3. The change in visual pigment content of an extract during storage 


Total Ratio 
Extract VP 507* VP 533* A Dmax. VP 507: VP 533 
C. 684 0-0787 0-0893 0-1650 1:1-13 
(3 days old) maximal 
at 519 my) 
C. 68¢ 0-0778 0-0537 0-1265 1:0-69 
(93 days old) (maximal 
at 516 my) 


* Amounts expressed as AD max. values. 


DISCUSSION 
Visual pigment 507 of Rainbow trout and visual pigment 510 of bleak 

Dartnall (1955) has reported the occurrence in bleak (Albwrnus lucidus) of a 
visual pigment absorbing maximally at 510+3 my. It was shown by Dartnall 
to be distinct from VP 502 (frog rhodopsin). At short wave-lengths the dif- 
ference spectra of VP 507 and VP 510 are practically identical, but at long 
wave-lengths the difference spectrum of VP 510 is somewhat broader than 
that of VP 507. In addition to VP 510, Dartnall’s extracts contained the 
red-sensitive pigments VP 533 and VP 550. In consequence, the published 
difference spectrum of VP 510 may be that of VP 507 ‘contaminated’ with a 
small quantity of red-sensitive pigments. Incomplete removal of this red- 
sensitive material could account for the slight shift towards longer wave-lengths. 


The relationship of the Rainbow trout visual pigments to vitamins A, and A, 
The minimum of the VP 507 difference spectrum lies at about 380 mp. This 
means that the Amax. of the product of bleaching lies in the region of 380 mp, 
and suggests that it is retinene, (vitamin A, aldehyde). Likewise, the minimum 
of the VP 533 difference spectrum lies at about 410 my, ‘suggesting that the 
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product of bleaching is retinene, (vitamin A, aldehyde). One may conclude, 
therefore, that VP 507 and VP 533 are probably based on vitamins A, and A, 
respectively, in agreement with the observations of Wald (1939) that the 
Rainbow trout retina contains both these vitamins. Since, however, VP 507 
is distinct from frog rhodopsin, a neo-retinene, 6 pigment, it may be based on 
some other retinene isomer. Thus VP 507 is very similar to iso-iodopsin 
(Amax. 510 my), which is based on iso-retinene, a (Wald, 1955). 

At present it is not possible to make any general observations on the dis- 
tribution of visual pigments and their respective vitamins. The migratory 
Rainbow trout possesses VP 533, in common with the freshwater tench, pike 
and bleak. Both the migratory Rainbow trout and the freshwater bleak 
possess VP 507. Since it is probable that this pigment is based upon vitamin 
A,, it appears that vitamin A, pigments can occur in purely freshwater species. 


SUMMARY 


1. Aqueous digitonin solutions have been used to extract photosensitive 
pigments from either the whole retinae or the isolated photoreceptor outer 
limbs of dark-adapted Rainbow trout. The extracts contained two photo- 
sensitive components, one of which was appreciably sensitive to red light. 

2. The red-insensitive component is a homogeneous pigment with A max. 
507 +2 my. 

3. The red-sensitive pigment is also homogeneous and has a Amax. of 
533 my. It is identical with visual pigment 533 found in three other fresh- 
water fishes. 

4, When the extracts were stored in darkness at 3° C. there was preferential 
thermal loss of VP 533. 

5. The relationship between these pigments and vitamins A, and A, has 
been discussed. 
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Miss Ann Ley for preparing the figures and for her invaluable help in the laboratory, my wife for 
typing, and Dr H. J. A. Dartnall for his advice and assistance throughout the work and his helpful 
criticisms of the original manuscript. 
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ASSESSMENT OF VENTILATORY EFFICIENCY BY THE 
SINGLE-BREATH TECHNIQUE 


| By R. J. SHEPHARD* 
From the R.A.F. Institute of Aviation Medicine, Farnborough, Hants 


(Received 5 July 1956) 


The introduction of apparatus for the continuous metering of nitrogen concen- 
tration and respiratory gas flow (Lilly, 1946, 1950a) has permitted a study of 
gas distribution in the lungs following the inhalation of a single breath of 
oxygen. Of the many parameters that may be estimated, interest has focused 
on the respiratory dead space, the uniformity of alveolar nitrogen concentra- 
tion, and the functional residual volume. The accuracy of individual measure- 
ments with the single breath technique is rather less than can be claimed for 
more complex procedures (Lanphier, 1953), but since observations can be 
repeated very rapidly, the probability of obtaining satisfactory results from 
patients who are not experienced respiratory subjects is increased. 

Previous work on the respiratory dead space has recently been reviewed by 
Rossier & Biihlmann (1955). The uniformity of alveolar nitrogen concentration 
has been reported as 2-64+0-8% (Fowler, 19485). Detailed study of the 
literature relating to both topics (Shephard, 1956) reveals that small alterations 
of technique—particularly changes of tidal volume, rate of gas flow and period 
of breath-holding—have a considerable effect on the results obtained. This 
fact assumes some importance when dealing with clinical cases, for some 
patients find difficulty in adhering to a standard routine despite many pre- 
liminary ‘conditioning’ runs. In order to interpret results in such circumstances 
there is clearly a need to determine the main variables and to prepare normal 
curves showing their effect on the parameters of ventilatory efficiency. The 
present work was initiated in order to meet this need. Normal curves for 
dead space, alveolar uniformity and functional residual volume have been 
established by repeated observations on a group of healthy adult subjects, and 
further information has been obtained on more fundamental problems relating 
to gas mixing within normal human lungs, 
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METHODS 


General description of technique. By operation of a large-bore three-way cock the subject could 
breathe either atmospheric air or oxygen drawn from a spirometer. Gas from this cock was led in 
turn through a gauze-mesh pncumotachograph and a short metal pipe carrying the needle sampling 
valve of the nitrogen meter. A short rubber mouthpiece covered the upper end of the metal pipe. 

Measurements were made with subjects in the standing position (the observations of Fowler 
(1950) and Brown (1952) have emphasized the large effect of posture on dead space). A few 
seconds’ recording of normal respiration was obtained. At the end of a normal expiration the 
subject momentarily held his breath, and operating the three-way cock next took a single con- 
trolled breath of oxygen (normally 600-700 ml.). The oxygen was held in the lungs for 4-30 sec, 
and then the cock was turned back to room air. The subject completed the test by giving a 
maximal expiration lasting approximately 2 sec. 


The pneumotachograph 

Some practical problems in the use of the standard pneumotachograph (Lilly, 1950) have been 
discussed elsewhere (Shephard, 19554). In the present experiments, flow rates rarely exceeded 
150 |./min, so that back-pressure effects and non-linearity of calibration were not important 
sources of error. The amount of water vapour exhaled was also relatively small, and there was no 
evidence of significant condensation effects over the short course of a given test. Between tests, 
the spirometer was refilled with oxygen, and the apparatus from the three-way cock to the mouth- 
piece blown through with compressed air until the nitrogen-meter again indicated 79-1 % nitrogen. 
This routine ensured the removal of oxygen and excess water vapour from the pneumotachograph 
and its connexions. 


The nitrogen analyser 

Performance characteristics of the Lundin—Akeson nitrogen analyser used in this laboratory 
have been described previously (Shephard, 19555). However, certain problems specific to the 
measurement of respiratory dead space remain to be discussed. 

Carbon dioxide. This gas is known to influence the total discharge intensity, although its effect 
relative to nitrogen is small. In normal healthy subjects the carbon dioxide and nitrogen dead 
spaces are closely similar, so that after a single breath of oxygen the expired carbon dioxide and 
nitrogen concentrations will rise pari passu, and no error should be introduced into the calculated 
dead-space value. Further, if the specified operating conditions (2500 ~ Hg vacuum pressure, 
4-0 mA discharge current) are maintained, the total contribution of carbon dioxide to the indicated 
nitrogen content of alveolar gas is less than 0-1 % (Shephard, 1955), so that variations of carbon 
dioxide concentration can have no measurable effect on the slope of the alveolar nitrogen plateau. 

Water vapour. It is not yet fully decided whether water vapour affects the discharge intensity 
by physical dilution of the gas sample (Shephard, 1955) or by chemical combination with nitrogen 
(Luft, 1966, personal communication), but it is clear that a large change in saturation is necessary 
to produce a 1% change in the indicated nitrogen concentration. The present apparatus is 
arranged in such a way that fluctuations of water-vapour tension in the sampling chamber are 
minimized. Inspired gas is saturated by storage in the spirometer, and condensation of expired 
water vapour is prevented by flushing the sampling chamber with compressed air between each 
observation. 

Phase lag. There is a considerable phase lag between the pneumotachograph and the nitrogen 
analyser, due largely to the time required for gas to be pumped from the needle valve to the 
discharge tube. This may be examined quantitatively by noting the response to a high-velocity 
stream of oxygen (10 1./sec) directed into the apparatus from below. The instrumental dead space 
below the needle valve is quite large (about 180 ml.), but assuming a ‘square’ wave-front of 
oxygen is maintained under the conditions of turbulent flow, this should reach the needle valve in 
18 msec. The nitrogen meter fails to respond for a further 402 msec. 


a 
é 
F 
‘ 
Pi 
: 


632 R. J. SHEPHARD 
If correction is made for this phase lag, dead space may be calculated by the standard plani- 
metric technique (Fig. 1). Measuring areas a,, 5,, v,, and v, the basic expression for total dead 
space (subject and apparatus), is 
dead space =v, + v, (Brown, 1954). 


This simple equation neglects the response time of the nitrogen meter and pneumotachograph. 
The true course of both curves probably lies a few milliseconds to the left, as indicated by the 
dotted lines. Small areas z,, 2, 2, are involved, the correct value for total dead space being given 
by the expression f 

dead space = (0, +24) +2) 42). 


Nitrogen 
concentracion (%)- 


(I./min BTPS) 


Expiratory gas flow 


Fig. 1. Diagram to show method used in calculating dead space; 
dead space =(p, + (v5 (53). 


a+b 


In practice it is difficult to obtain a ‘ pure’ square wave, and the magnitude of areas z,, x, and z,; 
cannot be determined with any precision. However, it can be stated that 2, is negligible, and 2, 
and 2, are approximately equal, so that the residual error is small, and probably does not differ 
greatly from one subject to another. 

Non-linearity of calibration. Ideally, an apparatus with a linear calibration curve is required. 
In practice, the nitrogen meter seems to give satisfactory results, although it has been shown 
repeatedly (Lundgren, White & Boothby, 1954; Balke, 1954) that the calibration chart has ao 
slight concavity. The effect is a displacement of the observed nitrogen concentration curve to the 
right, particularly during the early phases of expiration. Some gain of absolute accuracy might be 
achieved by a laborious replotting of the curve, but since the displacement is similar in all subjects, 
it seems preferable to accept it as a small systematic error in the dead-space values. For the 
calculation of functional residual volume, absolute accuracy is more important and observed 
nitrogen readings must be corrected by an appropriate calibration chart (Fig. 2). 


Methods of calculation 


Respiratory dead space. The method of determining total dead space has been detailed above. 
The respiratory dead space is obtained by subtracting the instrumental dead space between mouth 
and needle valve (54 ml.). 
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Uniformity of alveolar nitrogen concentration. The alveolar nitrogen concentration has been 
measured at the commencement of the alveolar plateau (alv,), and 1 sec later (alv,). The volume of 
gas expired during 1 sec (0-4) has also been determined, and the slope of the alveolar plateau 
expressed in terms of the ratio 


alv, 1000 (%/1000 ml.). 


40 60 80 
True nitrogen (%) 


Fig. 2. Calibration chart for nitrogen meter. Observed scale readings plotted 
against absolute values determined by Haldane gas analysis. 


In most subjects the slope of the plateau was reasonably uniform during the first second, and a gas 
volume of 1000-1500 ml. was expired at a fairly steady rate. An undulatory tracing (Fowler, 
1948 6) was noted in one or two instances; these undulations appeared to be synchronous with the 
stroke of the pump oh nd about 120/min), and may therefore have been caused by fluctuations 
in the vacuum pressure. The selected vacuum pressure (2500 ~ Hg) minimized this difficulty. 
Tracings with a negative slope were never observed except in one or two instances where the 
subject made an error of technique. 

Functional residual volume. In each experiment, values are available for the volume of oxygen 
inspired (Vo,), the respiratory dead space ( V p;), the instrumental dead space (Vp,); the expiratory 
alveolar nitrogen concentration (alv,.) has been taken as the mean of alv, and alv,, 
with a point rather more than -way through expiration. If an initial alveolar nitrogen 
concentration of 80% be assumed, it is then simple to calculate an approximate value for the 
functional residual volume, FRV: 


80 (FRV + Vpg) =alvy, (FRV + Vo, Vou)» 


(Vo, Vox) 80 (Vx) 

FRV = —— 80 —alvy, 

Subjects and experimental conditions 

The subjects were all healthy young men, members of the staff of the R.A.F. Institute of 
Aviation Medicine. Their ages and physical characteristics are summarized in Table 1. Most had 
some previous experience of respiratory work. Measurements were made in the resting state. 
At least 2-3 min elapsed between individual experiments; this time interval was found sufficient 
to restore the normal nitrogen content of the lungs. 
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Tastx 1, Age and physical characteristics of subjects 


Previous 
t Weight experience as 
(male) (yr) ft. in. cm* Ib kg.* (m*) subjects 
R.J.8. 26 6 0 183 159 72 1-91 Considerable 
M.B. 22 5 11¢ 182 155 70 1-89 Slight 
D. PL. 22 5 8 173 151 68 1-81 Fair 
P.B. 43 5 8 173 167 76 1-88 Fair 
P.R. 22 5 8 173 127 57 1-68 None 
W.E. 26 5 7 172 160 72 1-85 Slight 
K. Fg. 37 et. 172 141 64 1-75 Fair 
F.G. 41 5 174 139 63 1-76 Considerable 
D.Py. 26 5 7 170 138 62 1-72 Considerable 


RESULTS | 
Principal variables with the single-breath technique 

The period of breath-holding after oxygen is accepted by most authors as the 
main variable. The normal subjects deliberately varied the extent of breath- 
holding, so that information regarding the natural variation of this period and 
also of the critical expiratory phase has been derived from 100 consecutive 
observations made on a group of twenty-seven patients seen after limited 
segmental resections. The actual times achieved by this group often differed 
quite widely from the intended 2 sec: 


Critical 
Breath-holding time expiratory phase 
(sec (sec) 
Mean time (100 eee) : 2-60 + 0-20 3-38+0-20 
8.D. for single observation +2-00 +2-00 
Range 0-08-1510 0-39-15-80 


The influence of these variables on the dead space, alveolar nitrogen uni- 
formity, and functional residual gas volume must now be considered. 


Respiratory dead space 

Breath-holding and critical expiratory phase. Preliminary analysis suggested 
that dead-space values were related to time by a function of exponential type. 
The highest correlations were obtained between dead space and e~‘, where { is 
the breathing-holding time or critical expiratory phase in seconds. The critical 
expiratory phase is theoretically the more important value (Roos, Dahlstrom, 
& Murphy, 1955), and this alone has been analysed in detail. 

Fitting a linear regression of the form 

Dead space =a + be-! 

to the available data (251 observations from nine subjects), a graph of the 
form shown in Fig. 3 is obtained. In this figure dead-space values have also 


been grouped according to critical expiratory phase, the mean and s.z. being 
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calculated for each group. It will be noted that the exponential curve satisfies 
these mean points quite reasonably over the entire experimental range (critical 
expiratory phase 0-75-30 sec.). 


| 

200F 

10 20 25 
Critical expiratory phase t.(sec) 


Fig. 3. Relationships between respiratory dead space and critical expiratory phase. 251 ob- 
servations from nine normal subjects. The curve ‘dead space =a + be—” has been fitted by the 
method of least squares. The mean and 8.8. of grouped observations are also shown. 


Inspired gas volume. To assess the effect of this variable, subject M.B. 
deliberately varied the volume of oxygen inspired over the range 500-3000 ml. 
Knowing the critical expiratory phase for each experiment, individual dead- 
space readings have been expressed as a percentage of the expected values. 
Observations can be divided into two groups, according to the length of the 
critical expiratory phase. Where this is less than 2-5 sec, there is a significant 
positive correlation between the dead space and the volume of oxygen inspired 
(slope of linear regression 3-70+0-10%/100 ml. BTPS). However, if the 
critical expiratory phase exceeds 2-5 sec, there is no longer a significant cor- 
relation (slope—0-8 + 0-9%/100 ml. BTPS). The difference between the two 
groups of observations is highly significant (t,,=3-16, P <0-001). 

Ezxpiratory gas flow. Data from the nine normal subjects have been stan- 
dardized to a critical expiratory phase of 2-5 sec and an inspired gas volume of 
750 ml. by means of the curves referred to in the previous paragraph. Group- 
ing values according to the rate of expiratory gas flow, a graph of rather 
unusual form has been obtained (Fig. 4). At very low rates of flow, the dead 
space is quite large; as the rate of flow increases, the dead space reaches a 
minimum at 60-70 1./min, and then gradually increases again to approach a 
limiting value of 170 ml. at a flow rate of 150 1./min. 

Inspiratory gas flow. Dead-space data standardized for critical expiratory 
phase, inspired gas volume, and expiratory gas flow show no significant 
variation with inspiratory flow rates ranging from 10 to 80 1./min. 

Intersubject variation. Standardization of the data in the manner indicated 
above effects a considerable reduction of the intersubject variation (Table 2); 
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the individual variation is also reduced, particularly in the subject showing 
the widest range of techniques (M.B.). 

Differences of body-surface area are rather small, but over this limited 
range no decrease of intersubject variation is achieved by expressing results in 
terms of a standard surface area of 1:80 m*. A slight improvement can be 
obtained if dead-space values are expressed per inch of standing height. 


Volume of dead space (mi. BTPS) 


0 50 100 150 200 
Peak rate of expiratory gas flow (I./min BTPS) 


Fig. 4. Relationships between respiratory dead space and expiratory gas flow. Data from nine 
normal subjects, standardized for critical expiratory phase and inspired gas volume. 


Uniformity of alveolar nitrogen concentration 

Expiratory gas flow. Preliminary correlation tests suggested that the most 
important factor affecting alveolar uniformity readings was the rate of 
expiratory gas flow. Grouped data from the nine normal subjects are presented 
in Fig. 5. The slope of the alveolar gas plateau decreases rapidly over the flow 
range 30-60 |./min, and thereafter shows little change. Two subjects have a 
particularly large number of observations in the low-velocity range, and both 
show significant linear correlations between expiratory flow and alveolar 
uniformity (in W.E., t,,=4-49, P<0-001). 

Critical expiratory phase. Omitting the sixty observations where the ex- 
piratory gas flow is less than 60 1./min, 199 values remain. If these are grouped 
to show the relationship between critical expiratory phase and alveolar 
uniformity, a rather irregular curve is obtained (Fig. 6), but there is some 
evidence of a peak at approximately 2 sec, followed by a decline that is 
virtually complete within 10 sec. 

Other variables. If the uniformity readings are standardized for critical 
expiratory phase, intersubject and in most cases also the individual variation, 
is reduced. The standardized values are not affected by changing inspiratory 
gas flow (over the range 10-80 |./min). Nor are they influenced by differences 
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of inspired gas volume (over the range 500-3000 ml.). The range of ages is not 
very wide, but it may be significant that the highest values are observed in 
P.B., who is the oldest subject, and has the largest residual gas volume. 


30F 


3 


Uniformity of alveolar nitrogen 
(%/1000 mi. expired gas) 


50 100 150 200 
Peak rate of gas flow (I./min BTPS) 


Fig. 5. Relationship between uniformity of alveolar nitrogen concentration and rate 
of expiratory gas flow. Grouped data from nine normal subjects. 
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Uniformity of alveolar nitrogen (% of expired gas) 


0 i i i 


5 10 15 25 
Critical expiratory phase (sec) 


Fig. 6. Relationships between uniformity of alveolar nitrogen concentration and critical ex- 
piratory phase. Grouped data from nine normal subjects, omitting observations where the 
expiratory gas flow is less than 60 1./min. 
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Functional residual gas volume 


The principal factor that affects the calculated functional outta gas 
volume is the amount of oxygen inspired. If this exceeds the total dead space 
(apparatus+subject) by 400 ml., relatively constant values are obtained 
(Fig. 7), although there is some further increase of functional residual volume 
(200-300 ml.) if even larger breaths are taken. Individual values for each of 
the nine normal subjects are given in Table 3. The average s.p. of a single 
observation is 29-2°%, so that if six observations are made on any one subject 


* Mean 


: 


Calculated functional residual gas volume (mi. BTPS) 


+ iL i i i 
100 200 300 400 500 600 700 B00 900 41000 1100 1200 
Inspired volume less dead space volume (mi. BTPS) 


Fig. 7. Effect of volume of oxygen inspired on the calculated value for functional residual gas 
volume. Note that a relatively constant value is obtained if the inspired volume exceeds the 
total dead space by more than 400 ml. 


(the usual clinical routine), a s.z. of 11-9°% (+ 300 ml.) would be expected. In 
six subjects values are available for the remaining subdivisions of total lung 
capacity. Subject P.B. has a residual volume that is much larger than the rest 
of the group. He was older, and had a rather barrel-shaped chest, but showed 
no other manifestations of respiratory disease. 


DISCUSSION 
The observations presented above cover a sufficiently wide variation in 
individual procedures to meet the primary requirement of interpreting the 
normality of data obtained from clinical material. It now remains to consider 
the physiological significance of the results, and their relevance to problems of 
gas mixing in the human lungs. 
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The dead space measured by the nitrogen-meter technique has generally 
been accepted as a physiological entity. Fowler (19482) defines it as ‘the 
volume of the conducting airway down to the location at which a large change 
in gas composition occurs’. Theoretically a small component related to well- 
ventilated, poorly perfused alveoli (the ‘parallel’ dead space of Folkow & 
Pappenheimer, 1955) is ignored. In practice this does not seem important, at 
least in normal subjects, since there is no systematic difference between results 
obtained by the nitrogen meter and by blood-gas methods (Rossier & Bihl- 
mann, 1955). While Fowler’s gas-boundary concept is physically correct, it 
is obvious that the volume measured is changing continuously with time. If 
the results are to have clinical and pathological significance, it seems necessary 
to relate dead-space values to something more tangible than the location of a 
gas boundary. Consider what happens when a single breath of oxygen is 
drawn quietly into the lungs. The advancing wave front tends to a conical 
form. Henderson, Chillingworth & Whitney (1915) were the first to draw 
attention to this practical consequence of axial flow, and recent experiments 
by Briscoe, Forster & Comroe (1954) have demonstrated that it must occur at 
least with the inspiration of small gas volumes. The coniform wave front would 
clearly be destroyed if flow became turbulent, but a number of considerations 
suggest that this is unlikely during a normal quiet inspiration (see Appendix). 
Thus it may be assumed that the initial volume of the oxygen dead space is 
equal to the inspired gas volume, distributed through the conducting airways 
in a coniform pattern. 

The early observations of Henderson e al. (1915) on the behaviour of 
tobacco smoke in a glass tube demonstrated the rapidity with which the gas 
boundary disappears when flow stops; if a breath is checked in the lungs, the 
boundary may disappear even more rapidly, since the process of diffusion is 
aided to some extent by the massaging action of the heart. It is convenient to 
consider subsequent changes of gas composition as proceeding in two distinct 
zones—alveolar and bronchial—although in practice these inevitably overlap. 

Alveolar zone. A conical wave front of oxygen projects initially into a 
relatively large volume of alveolar gas. The mean diffusion path is short, and 
a homogeneous gas composition is rapidly attained. The shape and location of 
the gaseous interface are continuously changing, but to a first approximation 
it may be shown (Shephard, 1956) that the effective volume of ‘dead’ oxygen 
A, remaining in the alveolar zone at any time ¢ is an exponential function of 
the initial oxygen volume A,: 


A, = A oe 
Bronchial zone. An axial stream of oxygen initially fills a large part of the 
airway. When gas flow stops, diffusion rapidly obliterates the difference of 


concentration between axis and periphery at any cross-section of the airway. 
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This change has no effect on the calculated dead-space value. However, the 
volume of ‘dead’ oxygen in the bronchial zone is reduced bya diffusional 
interchange between alveolar and bronchial gas. This causes a gradual retreat 
of the gaseous interface up the smaller bronchioles. Finally the process is 
halted by the decreasing total cross-section of the airway and the increasing 
length of the mean diffusion path. It can be shown that to a first approxima- 
tion the volume of dead space in the bronchial zone is represented by an 
exponential function of the type 


B, (l+e-') +0, 


where B, is half the volume of the airway from the alveolar zone to the limiting 
level, and C is the volume of the airway above this level. 

Thus the total equation for the dead space measured by the nitrogen meter 
technique becomes 


Volume of dead space at time t= A,e—'+ B, (1+es")+C. 


It is now necessary to consider the relative magnitudes of the constants to 
this equation. Fig. 3 is of some help in this respect. The form of this curve can 
be accepted with some confidence, since it agrees well with more limited 
observations by Roos et al. (1955) (using the nitrogen meter) and Brown (1954) 
(using infra-red analysis of carbon dioxide). The coefficient C amounts to 
approximately 130 ml. This corresponds quite closely with classical estimates 
of the anatomical dead space, measured to the level of the intralobular 
bronchi, It seems equally clear from Fig. 3 that with a critical expiratory 
phase in the range 0-5-10-0 sec dead-space values are well satisfied by a single 
exponential function. It is most improbable that the constants k, and k, are of 
the same order, and it must therefore be presumed that the alveolar process 
(described by the term A,e~1*) is largely completed within 0-5 sec. This is in 
accord with the work of Rauwerda (1946), who calculated that the mean 
diffusion path in the alveolar zone was such that concentration differences 
must be obliterated within a small fraction of a second. 

There remains a change of 150-200 ml. in the volume of ‘dead’ oxygen, 
occupying a period of about 2 sec, and occurring somewhere between the 
alveoli and the interlobular bronchi. Anatomical estimates (Rohrer, 1915) 
suggest that the total volume of the intralobular bronchi and bronchioles does 
not exceed 20 ml. in the collapsed lung, and it is evident that if a volume of 
150 ml. of oxygen is to be accommodated, considerable expansion must occur 
during inspiration. Haldane & Priestly (1935) reached a similar conclusion on 
different grounds, and commenting on the anatomical and histological studies 
of Miller (1934) suggested that the most likely sites for expansion were the 
relatively unsupported alveolar ducts and atria. On the basis of broncho- 
graphic and bronchoscopic observations, Huizinga (1937) also concluded that 
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the main change of diameter occurred in the air passages with a diameter of 
less than 1-2 mm. The crucial question is whether oxygen can remain ‘dead’ 
within this zone for a period of 2 sec. Rauwerda (1946) claimed that con- 
centration differences throughout Miller’s primary lobule were reduced to 
16% of their original value within 0-38 sec. However, his calculation rests 
entirely on the assumption that dimensions remain unchanged throughout 
inspiration. In fact there may well be an eightfold increase of volume, leading 
to a twofold increase in length of the alveolar ducts. In these circumstances 
application of Rauwerda’s diffusion equations shows that the concentration 
gradient will not be reduced to 16% of its original value for at least 1-6 sec, a 
time relationship that is in agreement with the present experimental results. 

The atrial expansion concept gains further support from experiments where 
the inspired gas volume was varied. The additional dead space produced by a 
deep inspiration was largely obliterated within 2-5 sec, so that the expansible 
part of the conducting airway must lie in close proximity to the alveolar zone. 
The absolute increase of dead space produced by an increase of tidal volume is 
not large. The present estimate (7 ml./100 ml. BTPS) may be compared with 
a recent estimate by the carbon dioxide method (Brown, 1954: 15-20 ml./100 ml. 
over the range 450-1000 ml., and thereafter 1-4-3 ml./1000 ml.). The data of 
both Brown and the present author show too wide a scatter to permit comment 
on details of the curves, but on the whole the present figures do not support 
the view that enlargement of the dead space is less marked at volumes in 
excess of 1 |. 

The effect of rate of gas flow on the calculated dead-space volume does not 
appear to have been examined before. The present results suggest that in- 
spiratory flow rates are unimportant over the range normally encountered, but 
that changes of expiratory flow rates can seriously influence the dead-space 
figures. An explanation may be sought in patterns of gas flow. The relatively 
straight course of the trachea seems particularly favourable to axial flow, and 
during expiration an increase of flow causes an increasing proportion of the 
dead-space oxygen to cling to the tracheal walls; this oxygen subsequently 
contributes to the slope of the alveolar plateau. However, if the critical 
velocity is exceeded, the oxygen in the upper airway is washed out by a much 
smaller volume of alveolar gas, and the calculated dead space increases to a — 
limiting value determined by the anatomical size of the air passages. 

For clinical purposes it seems desirable to express the dead space as the 
volume that would be observed in a given patient under standard conditions, 
and the curves presented above enable this calculation to be carried out. The 
selected critical expiratory phase (2-5 sec) is roughly comparable with that 
observed during quiet breathing (rate 12-14 breaths/min); if this value of ¢ 
be used one obtains a volume which corresponds with an anatomical entity 
(the conducting airway to the level of the intralobular bronchi), and slight 
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alterations in timing do not produce an undue scatter of the results. It is con- 
ceivable that in emphysema and related disorders pathological enlargement of 
the alveolar ducts may also occur; diffusion rates should still be adequate to 
overcome this change during quiet respiration, but with more rapid breathing 
rates a stratified non-homogeneity of the type postulated by Krogh & Lindhard 
(1917) and Haldane & Priestley (1935) could develop. A qualitative index of 
this change could be obtained by repeating the readings with a critical 
expiratory phase of 1 sec. The selected tidal volume (750 ml.) needs little 
comment. The selected gas flow (1501./min) represents the upper recording 
limit of many pneumotachographs, and seems adequate to prevent distortion 
of dead-space values by axial flow during the course of expiration. 

Previous workers have differed in their interpretation of the slope of the 
alveolar plateau. Armitage & Arnott (1949) dismissed it as an artifact caused 
by incomplete washing out of the dead space, but it would appear that in the 
equation on which their argument depends, a constant value of 175 ml. has 
been assumed for the dead space of subject and apparatus. Clearly, if the 
dead space exceeded this figure, a mid-expiratory rather than end-expiratory 
alveolar sample might satisfy their equation. Fowler (19485) took an opposite 
view, claiming that dead-space gas played no part in producing the slope of the 
alveolar plateau. He contended that (1) 400 ml. of oxygen would be needed to 
produce the observed slope (most of the present results could be explained by 
200 ml.) and (2) if serial measurements were made at any point on successive 
plateaus, extrapolation back to zero time gave a value for alveolar nitrogen 
(78-5—81 %) that was theoretically acceptable and corresponded with measure- 
ments made at any other point on the same series of plateaux. However, the 
validity of extrapolation is questionable, since the nitrogen clearance curve 
does not follow a single-constant pattern (Roos et al. 1955). The first argument 
carries greater weight, but even this does not eliminate the possibility that 
part of the slope is due to dead-space effects. A number of authors have noted 
that the slope of the plateau is decreased by a rise of expiratory flow (Fowler, 
19486; Lanphier, 1953; Roos et al. 1955), but this has been attributed to an 
alteration in the sequence of pulmonary emptying. The present results show 
that flow changes produce little effect at rates greater than 601./min. It 
therefore seems tempting to suggest that during normal quiet breathing, part 
of the slope of the plateau is attributable to axial flow, and that this effect is 
abolished if the gas flow is increased sufficiently to produce generalized 
turbulence. 

The increase in non-uniformity of gas distribution with short periods of 
breath-holding (critical expiratory phase 0-2-5 sec) is probably related to the 
increasing amount of oxygen that reaches the alveolar zone over this period. 
The present results do not suggest that uniformity is increased by deeper 
respirations, at least over the range 500-2500 ml. Fowler (19486) has pre- 
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viously reported some increase, but it is difficult to dissociate the slight 
changes that were noted from concomitant variations of expiratory flow. 

For clinical purposes it is clearly desirable to encourage the patient to 
achieve an expiratory flow that is sufficient to produce turbulence in the main 
airways (i.e. > 60-70 1./min). It is also convenient to standardize for variations 
of critical expiratory phase. Two times are of particular interest. The non- 
uniformity at 2-5 sec represents the peak encountered during normal breathing 
—much of this non-homogeneity exists at a local (lobular) level, since it is readily 
abolished by diffusion; further measurements at 10 sec serve to distinguish 
residual (lobar) differences. It will be appreciated that the single-breath 
technique offers different and in some respects fuller information than con- 
ventional serial breath analysis methods. Many of the latter either ignore the 
dead space, or make debatable assumptions regarding its volume (Gilson & 
Hugh-Jones, 1955). Theoretically the single-breath method only indicates the 
full extent of uneven ventilation if expiration is a mirror image of inspiration 
(Fowler, 1948a). However, in practice, the indicated non-uniformity of 
ventilation (10-15 % in normal subjects) is of a similar order to that found by 
serial methods (Gilson & Hugh-Jones, 1955). 

The values for functional residual gas volume require little comment. The 


need for a large inspired gas volume is readily explained by the occurrence of 


laminar flow through the pneumotachograph and its connexions. The use of 
mid-expiratory alveolar nitrogen concentrations is at variance with Fowler, 
who suggested the ‘least ventilated gas’. Lanphier (1953) also used end- 
expiratory concentrations, but was forced to the conclusion that ‘the con- 
centration of the terminal sample, although readily identified, does not 
consistently approximate the mean value required’. It did not prove possible 
to check the present results against closed-circuit determinations of residual 
volume, but their general order of magnitude suggests that the use of a mid- 
expiratory nitrogen concentration avoids a systematic bias of the results. The 
variance of a single observation is rather large (partly owing to true minute-to- 
minute variations of the functional residual volume), but since measurements 
can be carried out very rapidly, the confidence limit for a given subject can 
readily be improved by repeating the experiment. Finally, as Comroe (1951) 
has pointed out, clinical significance can only be attached to large changes of 
residual volume. 


SUMMARY 

1. Respiratory dead space, alveolar gas uniformity, and functional residual 

gas volume have been measured by the single-breath (nitrogen meter) technique 

of Fowler (19482). Factors contributing to the variance of these measurements 

have been defined, and standard curves prepared to allow the interpretation of 
data obtained from clinical subjects. 
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2. The respiratory dead space decreases exponentially with time; over the 
period 0-5-10-0 sec the curve is satisfied by a single exponential constant. 
Evidence suggesting that the decrease of volume occurred largely within 
Miller’s ‘primary lobule’ is presented. Larger tidal volumes produce an 
increase of dead space (7 ml./100 ml.); this effect is abolished by short 
periods of breath-holding, and is therefore related to the primary lobule. 
The rate of expiratory flow also affects the calculated dead-space value, 
apparently by a transition from laminar to turbulent flow. Conditions in the 
trachea seem such that generalized turbulence would develop at a flow of 
60-70 1./min. 

3. At low flow rates the slope of the alveolar plateau on the expired nitrogen 
concentration curve is partly an artifact attributable to incomplete washing 
out of the respiratory dead space. At higher rates of flow two true causes of 
non-uniformity may be distinguished. One is rapidly abolished by diffusion 
and must be presumed lobular in origin ; the other persists with breath-holding 
and is therefore of lobar origin. 

4. Erroneously small values for the functional residual gas volume may be 
caused by laminarity of gas flow during inspiration. This difficulty can be 
overcome by increasing the volume of oxygen inspired. Single measurements 
of functional residual volume have a rather large variance, but since the 
technique is rapid, a precision of + 300 ml. can readily be obtained by repeated 
measurements. 


The author is indebted to the statistics section for their help in fitting the exponential curve 
to Fig. 3. 
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APPENDIX 


The pattern of gas flow through the respiratory tract and needle valve 
Before considering problems of gas mixing in the human respiratory tract, it is essential to deter- 
mine whether gas flow is laminar or turbulent. Evidence bearing on this question can be obtained 
from at least five sources: 

Noise level. During normal breathing there is little noise, suggesting that turbulence is localized 
to a few special sites. On the other hand, deep breathing produces considerable noise, either in the 
chest (rales and rhonchi) or in the larynx (phonation, and the stridor of laryngeal stenosis). 

Calculations of Reynolds’ number. Under normal conditions, turbulent flow may develop when 
the Reynolds’ number exceeds 1500 c.g.s./unite, The critical velocity Vg is given by 
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where » is the viscosity of air (190 x 10-* c.g.s. units), d is the diameter of the airway in cm, and y is 
the density of air relative to water (114 x 10-* o.g.s. units). Dimensional errors have invalidated 
previous estimates for the human trachea (Rohrer, 1915; Fenn, 1961). Assuming a diameter of 
2-5 em, the critical velocity is approximately 30 1./min, and it would be surprising if turbulence 
did not develop at twice this velocity. 

Use of models. The pattern of gas flow may be examined directly in a translucent model of the 
airway, using cigarette smoke (Henderson et al. 1915) or ammonium chloride vapour (Rohrer, 
1915). A more refined technique, now being applied to physiological work, is the photography of 
birefringent suspensions in polarized light (Shephard & Spels, unpublished). No accurate models 
of the respiratory tract have yet been studied by these techniques. 

Pressure measurements, The resistance to laminar gas flow is directly proportional to velocity ; 
the resistance to turbulent flow varies as V", where n has a positive value between 1-7 and 2-0. 
This technique has been used by Otis and his colleagues (Otis & Proctor, 1948; Otis & Bembower, 
1949). Although their curves have been fitted on the basis of Rohrer’s calculations (which assume 
that turbulence never develops except as a localized phenomenon where the airway ranches or 
changes its dimensions), the experimental values are valid; they show a flow resistance that is 
linear to approximately 50-60 l./min breathing air, and 150 1./min breathing a helium/oxygen 
mixture. 

Gas sampling methods. With laminar flow, changes of gas composition proceed more rapidly at 
the axis of the airway. With turbulent flow, no systematic concentration gradient is established 
across the airway, and mixing at an existing gas boundary is greatly accelerated. 

Roos et al. (1955) examined the shape of the expired N, curve after a single breath of oxygen, 
sampling simultaneously at the level of the trachea (tracheotomy), and at the mouth. The two 
curves were of similar form, suggesting that little mixing occurred between the two sites; ap- 
parently the experiment was performed during normal quiet respiration, although the velocity of 
gas flow is not indicated. : 

It can be seen from the above summary that information concerning the flow pattern in the 
human respiratory tract is meagre, but is not incompatible with the theoretical expectation that 
transition from laminar flow to generalized turbulence will occur during a forcible expiration. 


The needle valve 


Despite the quite widespread use of sampling valves in respiratory physiology, little considera- 
tion has been given to the problem of gas-flow patterns in the vicinity of the sampling device. One 
recent author (Young, 1955) concludes that involved analysis of dead-space data is not justified 
because so little is known about the pattern of flow during the standard test procedure. He 
develops detailed equations describing laminar and turbulent flow in the airway leading to an 
infra-red analyser, but does not hazard any guess as to when turbulence develops. However, his 
experimental results using an added dead space are best satisfied by the ‘laminar’ equation over a 
flow range 10-60 1./min. 

The sampling valve of the Lundin—-Akeson nitrogen meter comprises a smooth-walled metal 
tube of 2-0 cm diameter and approximately 11 cm in length. At its mid point, this tube is traversed 
by a fenestrated cylinder some 10 mm in diameter that serves to protect the needle valve. The 
experiments now to be described suggest that there is localized turbulence around the fenestrations 
at quite low velocities, and that more generalized turbulence develops at a flow of 40-50 1./min. 

Noise level, There is some noise even at low rates of flow (10 1./min), but there is a considerable 
increase of noise at flow rates in excess of 40-50 |./min. 

Calculation of Reynolds’ number. The complex structure of the tube precludes an accurate cal- 
culation. Assuming a Reynolds’ number of 1500, the critical flow for the main tube is 24 1./min. 

Models. No models have yet been prepared. 

Pressure measurements, The main component of the resistance to gas flow is attributable to the 
fenestrated region. A linear relationship was found between back pressure and the square of gas 
flow, suggesting that turbulence develops in this region at very low velocities. 


4 a> 

« 

4 

4 


erase 


— 


VENTILATORY EFFICIENCY 649 


Gas sampling methods. A weighted spirometer was used to introduce a ‘square’ wave front of 
oxygen into the apparatus from below. In the first series of experiments, the standard needle 
valve was used. Differing rates of gas flow were achieved by varying the weighting of the spiro- 
meter. If a turbulent (square) wave front was maintained at all rates of flow, variations in the 
phase lag between the pneumotachograph and the nitrogen meter should be determined simply by 
the time taken for the wave front to traverse the 180 ml. of airway connecting the spirometer with 
the needle valve. This seems true over the range from 180 to 70 1./min, but at lower flow rates 
oxygen reached the needle valve much earlier and it must be presumed that laminar (coniform) 
flow occurred. 

In the second group of experiments, the mouthpiece was replaced by a 100 cm length of smooth- 
walled 2 in, diameter hose-pipe, and gas samples were obtained by means of a fine needle piercing 
the wall of the hose-pipe immediately above the sampling tube. Recordings were made with the 
needle inserted to different depths. At low rates of gas flow (25-30 |./min), both the initial phase 
lag and the full response time were greater at the periphery of the gas stream, but this difference 
was not observed with high rates of gas flow (170-180 l./min). It must therefore be presumed that 
at the low flow rate, gas flow reverts to a laminar form beyond the immediate vicinity of the 
needle valve. 
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THE TOTAL ENERGY AND WATER METABOLISM DURING 
PREGNANCY IN THE RAT 


By 8. D. MORRISON 
From the Institute of Physiology, University of Glasgow 
(Received 5 July 1956) 


Many investigations have been made on the metabolic exchanges during 
pregnancy, both in women and in lower animals. The most important of these 
have recently been reviewed by Newton (1952). Although all the problems 
examined remain, to a greater or less extent, incompletely answered, the most 
notoriously refractory problems of metabolism in pregnancy are those of 
energy and water exchange. While it is generally accepted that the energy 
expenditure of the pregnant organism increases during pregnancy, is the 
increase due to the event of pregnancy or is it simply a reflexion of increasing 
tissue mass (that is, roughly, body weight) and changes in food intake (that is, 
roughly, specific dynamic action)? Again, does the pregnant organism 
normally retain water in excess of that required for the formation of tissue 
and fluids of the conceptus, and of new maternal tissue in the uterus, mammary 
glands and elsewhere? 

The present investigation was designed to contribute something towards 
the solution of these problems, by measurement, in the rat, of the total energy 
exchange over prolonged periods, as opposed to short-period basal studies, and 
by simultaneous measurement of the total water exchange with direct measure- 
ment of the water balance. 

Earlier studies on the energy expenditure of pregnancy have been confined, 
with one or two exceptions, to short-period measurements of basal metabolism 
from time to time throughout pregnancy. Only in Dewar’s (1953) work on the 
mouse have data been available to examine the total energy metabolism 
during pregnancy. Neither, until Dewar’s (1953) work, has there been any 
direct estimation of water balance during pregnancy. The belief that water 
retention is a general phenomenon of pregnancy has been inferred exclusively 
from indirect evidence, the main lines of which have been reviewed by Chesley 
(1944). Dewar (1953) was, however, primarily interested in the part played by 
the placenta in the control of pregnancy, so all his results, including 
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those from normal pregnancies, date from the possible time of initiation of 
placental pregnancy, at the earliest from the 15th ae of gestation in the 
mouse. 

METHODS 


The work was done on hooded rats, These were fed a supposedly complete stock diet ad lib. with 
no supplement, Diet 41 (Bruce & Parkes, 1949) was used for most of this work, but rat 377 was 
fed exclusively on Thomson’s (1936) diet. 

Seven pregnancies were studied in all. The periods of gestation covered in the various experi- 
ments are shown in Table 1. Some isolated days lost owing to breakdown of the apparatus are 
also detailed in Table 1. For each pregnancy study a 5-day non-pregnant period was observed 
immediately before mating, and the data from these non-pregnant periods are used as a reference 
base for the pregnancy data. 

l, List of experiments 


Rat No.of Wt. of 
no. Pregnancy Days gestation covered young young(g) Time of parturition 
377 Ist 1-22* . 9t 38 Completed day 22 
443 lst 4-6, 12-14, 18-22 10 45 Day 23 
524 Ist 10-12, 16-22 10 54 Completed day 22 
2nd 10-12, 16-22} 4 22 Day 23 
(3rd) 10-12, 16-19 Unsuccessful — 
(4th) 10-12, 16-19 Unsuccessful -- 
525 lst 10-12, 16-22 10 45 Started day 22 
2nd 10-12, 16-225 4 20 Day 23 
(3rd) 10-12, 16-22 Unsuccessful 
30 lst 2-22 13 55 Completed day 22 


* Days 15 and 17 of gestation missing through breakdown of apparatus. 

+ One of these eaten. This is taken into account in calculation of residual energy and water 
balances in Fig. 4. 

¢ Day 17 of gestation missing through breakdown of apparatus. 

§ Day 10 missing through breakdown of apparatus. 

It had been intended to study females 524 and 525 over three successive pregnancies, but the 
third pregnancy failed in each case. Repeated matings were also unsuccessful. It was found that 
this reproductive failure also occurred beyond the second pregnancy in stock rats maintained 
under normal stock conditions exclusively on diet 41. 

The time of the beginning of pregnancy was taken as the time of appearance of a seminal plug, 
or of the appearance of spermatozoa in the vaginal smear. The total energy and water exchanges 
were measured by 24 hr indirect calorimetry. The closed-circuit respirometer and the analytical 
and computational methods used were identical with those described previously by Morrison 
(1955) for work on the non-pregnant rat. 


RESULTS 
Energy exchange 
_ Energy expenditure. Total daily energy expenditure was variable, especially 
between animals. Within individual animals, however, the day-to-day variation 
in expenditure during pregnancy was rather less than in the non-pregnant 
rats. During pregnancy the energy expenditure rose slowly and fairly regularly 
throughout the first 16-18 days of pregnancy to about 110 % of the non- 
pregnant level (Figs. 1, 2). This rise occurred even during the first 10 days of 
gestation when there was negligible growth in mass of foetal tissue. There was 
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some indication from rats 377 and 30 (cf. Fig. 1) and from rat 443 that there 
might be an immediate rise in energy expenditure in the first day or two of 
pregnancy. The energy expenditure fell, on the average, to about 105% of the 
non-pregnant level in the last few days of pregnancy (Fig. 2), although this fall 
was not invariable (Fig. 1). 

140° 


Fig. 2 
Fig. 1. Major components of energy exchange during pregnancy, Means for rate 377 and 30. 
Gross daily energy intake, © ; daily energy expenditure, @; daily energy balance, A. 

Fig. 2. Variations during pregnancy in body weight [), absorbed daily energy intake A, ob- 
served daily energy expenditure @, and adjusted daily energy expenditure ©, as percentages 
of the non-pregnant values. The absolute mean non-pregnant values for these variables 


(taken as 100%) are, respectively, 191 g, 43 kcal, 37-7 kcal and 38-4 kcal. Data from all 
pregnancies except rat 443. 


Analysis of co-variance of the data on energy expenditure with body weight 
and absorbed food energy (ingested energy less faecal energy) was carried out 
using 3-day periods; non-pregnant, 10-12, 16-18 and 19-21 days’ gestation. 
Adjustment, by this analysis, of the observed data on energy expenditure to 
standard body weight and standard absorbed food energy showed a highly 
significant variation (P <0-001) still remaining. This analysis was first carried 
out on the data from the double-pregnancy animals, 524 and 525, and then on 
the corresponding data from the four first pregnancies available. Although the 
detailed picture varied between the multiparous and primiparous studies, the 
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trend in each case was towards a fall in adjusted energy expenditure in the 
last 6 days of pregnancy with some recovery in the last 3 days. The combined 
data are shown in Fig. 2. 

The general relation of energy expenditure to body weight and absorbed 

energy is given by 

E =(11-05 + 5-37) + (0-087 + 0-021) W + (0-188 + 0-049) N, (1) 
where £ is total energy expenditure in kcal/24 hr, W is mean daily body 
weight in g, and N is absorbed food energy in kcal/24 hr. This equation does 
not differ significantly from that found for non-pregnant rats (equation (5), 
Morrison, 1955), but the precision of the estimates is smaller. 

The component of this relationship attributable only to changes during 

pregnancy, that is, eliminating differences between rats, shows a rather different 

icture: 

E = (22-87 + 2-93) + (0-051 + 0-011) W + (0-114 + 0-028) (2) 
This equation shows a significant displacement upwards (P<0-001), and 
much lower coefficients of W (P< 0-001) and N (P<0-02) than those found 
for the non-pregnant data. Physiologically, these differences mean that towards 
the end of pregnancy there is little difference between the pregnant and non- 
pregnant energy expenditure at a given body weight, but during the early part 
of pregnancy the pregnant rats have a rather higher expenditure. This is in 
agreement with the tendency, noted earlier, for a fairly sudden initial rise in 
energy expenditure at the beginning of pregnancy (Fig. 1). 

Diurnal variation. The diurnal variation in oxygen consumption was very 
similar to that found for non-pregnant rats (Morrison, 1955). The average 
timing of the variation remained the same, with the maximum between 
2,00 and 6.00 a.m., and the minimum between 2.00 and 6.00 p.m. The day-to- 
day recurrence of the diurnal wave was rather less definite during pregnancy, 
especially during the first 10 days of gestation. The amplitude of the wave was 
slightly less during the first 15 days of gestation than in the non-pregnant 
rats, 9-5% compared with 10-5 %. 

Energy intake. Gross ingested energy and absorbed (net) energy intake 
both rose to about 120-130 % of the non-pregnant level in the first 10 days of 
pregnancy, and then to about 140% by the 16th-18th day (Figs. 1, 2). There- 
after there was a rapid fall in food intake to a mean of 95% of the non-pregnant 
intake on the last day before parturition. In individual cases this terminal fall 
in food intake was of variable magnitude; in some cases food intake fell to 
about half the non-pregnant level. In all cases, however, there was a significant 
terminal fall in intake relative to the intake at 16-18 days (P <0-001). 

Energy balance. Except during the terminal decline in food intake, the 
absorbed energy was always in excess of the sum of energy expenditure and 
energy loss in urine; that is, there was a positive energy balance. The mean 
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energy balance over the first 17 days of pregnancy was + 10-05 + 0-9 keal/day. 
From the 18th day to parturition the mean balance was —0-55 + 2-5 kcal/day. 
This positive balance during the first 17 days of pregnancy was also quali- 
tatively indicated by a non-protein respiratory quotient (R.Q.) frequently 
greater than 1 and always greater than the R.Q. of the diet (0-955), indicating a 
consistent conversion of carbohydrate to fat. The mean k.Q. for the first 17 days 
of pregnancy was 1-006, compared with 0-97 for non-pregnant rats and 0-923 
for the last 3 days of pregnancy. 

In Fig. 1 the mean energy balance is shown for the two pregnancies studied 
almost in their entirety. Both this figure and the discontinuous study of 
rat 443 show that the energy balance became consistently positive within the 
first few days of pregnancy. There was a further slight increase in daily energy 
balance at about the 14th day of pregnancy, and the balance then remained 
constant until the last 3 days of gestation when the fall in food intake produced 
a negative daily balance. The effect of these changes is shown in another form 
in Fig. 4, where the cumulative energy balance for rats 377 and 30 is plotted. 
The steady gain in energy by the pregnant organism with the increase in rate 
of gain at about the 14th day can be seen. The negative daily balances in the 
last days produced a reduction in total gain of energy. 3 

From data obtained on total weights of foetuses and placentae, and from 
data on the average composition of new-born rats, it was possible to estimate 
the total energy of the foetal tissues. The total energy gained during pregnancy 
is known for rats 377 and 30 and has been estimated graphically for the other 
pregnancies. In Fig. 5 these data and estimates have been combined to show 
the total gain of energy which was directed to the foetal tissues. It can be seen 
that the maximum energy devoted to foetal tissues was about one-third of the 
total energy gain. The higher fractions of energy going to true foetal tissues 
corresponded, in general, with pregnancies carrying the largest numbers in the 
litter. In the two second pregnancies, each of which carried only four young, 
the estimated total energy gain was very high. Both of these animals were 
killed shortly after the failure of the third pregnancy, and showed great 
accumulations of omental and mesenteric fat. 

The corresponding data, as far as they were available, for the partition of 
nitrogen gain (Fig. 5) show a similar variation in the fraction of nitrogen 
directed towards foetal tissues. In this case, however, the total nitrogen 
retained was less variable and appeared to show a direct although small 


variation with litter size. 
Water exchange 


The components of water exchange cannot be determined with the same 


precision as the components of energy exchange. The algebraic sum of all the 
sources of gain and loss of water, that is, the water balance, can be determined 
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precisely. The instrumentally measured gains and losses of water cannot be 
completely and accurately resolved in terms of physiological sources of gain 
and loss. This is particularly true of vaporized water loss, which is made up 
not only of the true vaporized water loss from the rat under study, but also of 
the water evaporated from the water bottle, urine flask and faeces. The water 
evaporated from the water bottle and urine flask is of small importance, but 
the effect of drying of faeces is of considerable importance, especially where, 
as in pregnancy, the food intake, and hence the faecal mass, shows great 
variation. 


1 


10 15 In 
Non-pregnant Days gestation Parturition 
Fig. 3. Major components of water exchange during pregnancy. Means for rats 377 and 30. 
Daily fluid water intake, @; daily urinary water, ©; daily water balance, A. 


Water intake. Fluid water intake showed considerable fluctuations, and so 
also did total water intake, made up of fluid water, food moisture and meta- 
bolic water. Even so the total water intake during pregnancy rose to about 
140% of the non-pregnant intake, a statistically significant increase (P < 0-001). 
The increase consisted of a slow rise in fluid intake to about the 10th-12th day 
of pregnancy, and then a fairly rapid stabilization at about 145°% of the non- 
pregnant level (Fig. 3). A decline in fluid intake to about 125% of the 
non-pregnant level occurred, along with the decline in food intake, at about 
the 18th day. These means are derived from all the data and do not correspond 
exactly with the values shown in Fig. 3 which is constructed from the data on 
rats 377 and 30. The other components of water intake varied with the food 
intake and energy expenditure. 

Water loss in urine. This was also variable but, in general, rose during 
pregnancy though it did not follow closely the changes in water intake (Fig. 3). 
In all cases there was some decline of urinary water in the last few days 
ante-partum, and in three cases this was to 50% or less of the water loss in the 
urine at the 16th—18th day of gestation. There was sometimes an increase in 
urinary water with the beginning of parturition. The mean urinary water 


during the greater part of pregnancy was about 130% of the non-pregnant 
level. 
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Vaporized water loss. This agreed with the non-pregnant data (Morrison, 
1955) in showing great day-to-day variation, but no consistent variation with 
energy expenditure or body weight. The vaporized water as measured showed 
a mean daily value of 15-6 g, about 5% higher than the non-pregnant level 
(P <0-05). When these values were adjusted, however, for the variable mass 
and degree of drying of faeces in both the pregnant and corresponding non- 
pregnant data, the pregnant and non-pregnant values were found to be 9-0 
and 9-4 g/day respectively (Paierence > 0°5). An apparent fall which occurred 
in vaporized water in the last few days of gestation was found, by this adjust- 
ment, to be a reflexion of the fall in food intake and pari passu of the faecal 
mass and was completely removed by the adjustment. 

The adjustment for error due to faecal mass and drying consisted of applying 
an average value for water content of fresh faeces to the measured dry faeces. 
The water actually remaining and measured in the faeces at the end of each 
day’s observation was then deducted from this estimated total faecal water, 
the difference being the amount by which the measured vaporized water was 
estimated to be in excess of the true vaporized water. This is a block correction 
and takes no account of possible variation in faecal hydration during preg- 
nancy. The most that can be said, therefore, is that these data give no evidence 
of any change in the evaporation of water during pregnancy, and that if a 
change does occur it is unlikely to be in excess of 5% of the non-pregnant 
level. 

Water balance. The daily retention or balance of water by the pregnant rats 
was very variable (Fig. 3). During the first 12 days of pregnancy daily retention 
did not differ significantly from that of the non-pregnant animals. At about 
the 12th-15th day, however, there was a marked change in pattern. Retention 
in some rats became markedly positive and remained positive almost until 
parturition (Fig. 3), giving the cumulative curve for rats 377 and 30 shown in 
Fig. 4. In the two second pregnancies the retention did not become markedly 
positive, but rose to a significantly higher value compared with the preceding 
slight continuous daily negative values. In the pregnancy of rat 443 the water 
balance did not become markedly positive until the 18th day of gestation. 
Most of the water gain, therefore, occurred in the last third of pregnancy and 
corresponded with and made the major contribution to the increase of body 
weight found at this time (Fig. 4). 

The total cumulative water gain found for rats 377 and 30, and the cumula- 
tive balances estimated graphically from the daily balances for rats 524, 525 
and 443, are compared with the total water of the foetuses and placentae in 
Fig. 5. The blocks for water of foetuses and placentae do not include amniotic 
water. It can be seen that in only two pregnancies was the water retained in 
excess of that required for foetal and placental tissues. Even in these preg- 
nancies it seems unlikely that the water retained would be substantially in 
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excess of the water required for the increase in general reproductive tissues. 
In some cases, in so far as these estimates are valid, the water gain appeared to 
be markedly less than that required for formation of reproductive tissues. 

In one pregnancy (rat 30), for which complete cumulative data for water and 
nitrogen exchange are available, the estimated hydration of the fat-free tissue 


gained was 83%. This is in good agreement with the measured water of 
embryonic tissue at birth (86%). 
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Fig. 4. Cumulative curves of gain in body weight ©, energy A, and water (1), during pregnancy. 
Means for rats 377 and 30. The residual maternal gains of these variables at parturition after 


loss of young are shown by the corresponding solid symbols. 


In Fig. 4 the fall in total body weight and body water of rats 377 and 30 at 
parturition is shown. Most of this fall in body weight and water is accounted 
for by the weight and water of the new-born offspring. Most of the foetal 
membranes are eaten at birth, but a considerable amount of the water of the 
membranes is lost by evaporation from membranes and foetus during par- 
turition. The end result, however, was that the mean body weight after 
parturition remained about 9 g in excess of that at mating, while the mean 
— water balance remaining after parturition was 6 g in deficit. The 
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mean maternal body weight after parturition for all seven pregnancies studied 
was 103% in excess of the body weight immediately preceding mating, 
compared with a mean excess of 5-5% for rats 877 and 30. In the one case 
(rat 30) for which the calculation was possible it was estimated that 9-5 °%, of 
the residual weight gain was ‘dry’ nitrogenous tissue (N x 6-25). 


300 
Energy gain 


Nitrogen gain 


888888. 


Water gain 


377 443 524(1) 524(2) 525(1) $25(2) 30 
Rat no. 


Fig. 5. Total accretion of energy, nitrogen and water to pregnant organism at term (solid blocks), 
and total accretion of energy, nitrogen and water to foetal and placental tissue (clear blocks). 


Parturition 


In only three of the seven pregnancies studied was parturition allowed to 
occur in the calorimeter, as it was desired, if possible, to allow the rat to rear 
her young. It was thought that parturition in the calorimeter would tend to 
make the mother abandon her young. Also, the young tended to slip through 
the wire mesh on the floor of the animal chamber on to the faeces grid, and, in 
the earlier form of the apparatus, even into the urine collecting funnel. In the 
two full pregnancies studied, however, parturition was allowed to occur in the 
calorimeter. Parturition also occurred in the calorimeter in the first pregnancy 
of rat 524. 

In neither rat 377 nor 30 was there any notable change in total energy 
expenditure during or after parturition compared with that immediately 
before parturition. During parturition in the first pregnancy of rat 524, 
however, there was an increase in energy expenditure of 6%, and after 
parturition the expenditure rose to 130% of the value immediately before 
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parturition. During these two days the food intake recovered slightly from 


its usual reduced level at this time. 


In all cases where parturition occurred or started in the calorimeter there 
was a great increase in pick-up of vaporized water due to evaporation of water 
from foetal membranes. It is not possible to say to what extent this increased 
vaporized water loss arose from physiologically vaporized water from the 
new-born. 

Failed pregnancies 

The failure of the third pregnancies of rats 524 and 525 was, as has already 
been pointed out (see ‘ Methods’), independent of confinement in the respiro- 
meter, and was probably due to the inadequacy of the unsupplemented diet 41. 
Both rats were, however, maintained in the calorimeter for the planned periods 
of this ‘pregnancy’. Rat 524 was remated (Table 1) and again the appropriate 
periods were studied in the calorimeter, again without success. Rat 525 was 
also remated, but it was apparent by the 12th day after mating that the 
pregnancy was unsuccessful and further work in the calorimeter was not 
undertaken with this animal. 

In the three supposed pregnancies the body weight and energy expenditure 
increased as with normal pregnancies up to the 12th day after mating. The 
normal pregnancy changes were maintained up to the 16th day in the third 
‘pregnancy’ of rat 525. An average of 70%, of the weight gained during the 
unsuccessful pregnancies was maintained permanently. It is not possible to 
decide whether these failed pregnancies were resorbed pregnancies or pseudo- 
pregnancies. 

DISCUSSION 

A general rise in the so-called basal and resting energy expenditure during 
pregnancy in rats, and in other mammals for which the measurement has been 
made, is well documented. Brody, Riggs, Kaufman & Herring (1938) presented 
the main work on pregnant rats uncomplicated by other procedures, and 
found a total rise in resting metabolism of about 15%. They found the rate of 
increase with increasing body weight about the same as that for non-pregnant 
animals, although the line relating energy expenditure and body weight in 
pregnancy was displaced 4 kcal/day upwards relative to the corresponding 
line for reproductive rest. The heat increment of gestation measured from the 
mean data for energy expenditure in Fig. 1 exactly fits the prediction from 
Brody’s (1938) formula relating heat increment of gestation to total birth 
weight of young. Kleiber & Cole (1945) found a rise of 16% per unit body 
weight in the fasting metabolic rate of pregnant rats at 13 days’ gestation, 
failing to 9% at 20 days. This appears exceptionally high. Pommerenke, 
Haney & Meek (1930) found an increase in absolute expenditure of about 30% 

in fasting pregnant rabbits; this represented an increase of 15%, per unit body 


weight, but these authors calculated that, in terms of the summed foetal and 
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maternal surface areas, there was no increase in metabolic rate. Murlin (1910) 
found an increase of 9°% in the total metabolism of the pregnant bitch after 
the 6th week of gestation with no increase before this time; he also was able 
to eliminate this increase by calculation in terms of summed maternal and 
foetal surfaces. There does not seem (to the present writer) to be any valid 
reason for considering the metabolic rate of foetal tissue in utero in terms of 
anything except body weight, as its conditions of heat elimination make even 
an abstract interpretation of surface quite meaningless. Thus, no attempt has 
been made in this work to convert the values found for energy expenditure 
_ into terms of body surface or related measures. The only recent exception 
found in animal studies to the finding of at least an absolute rise in energy 
expenditure during pregnancy is a report of Danforth & Loumos (1936) on rats. 
The present finding of an absolute increase of 10% in energy expenditure 
during pregnancy can be taken as in qualitative agreement with previous 
work. 

The fall in total expenditure found at the end of pregnancy (Fig. 2) is 
certainly in part due to the fall in food intake at this time, although it may 
also be partly accounted for by a fall in activity. No activity measurement 
has been made in this work, but Slonaker (19254), although he found a general 
reduction in activity throughout pregnancy, shows no additional fall in 
activity at the end of pregnancy. On the other hand, general observation and 
experience of rats before parturition suggests some increase in activity with 
the development of the nest-building behaviour patterns. 

The problem of activity assumes importance in another context in this 
work. Slonaker (1925a) found a great reduction in activity throughout 
pregnancy in rats, to 30-40% of the non-pregnant levels, and Wang (1925) 
claimed an even greater reduction. The living space in the present. experiments 
was adequate for considerable exploratory and grooming activity, but did 
impose some restriction compared with the free activity wheels used by 
Slonaker. Also, Eayrs (1954) has found that the activity pattern of female rats 
in activity wheels of this type differs from that of rats in ‘fixed’ accommodation. 
Nevertheless, it seems that the pronounced reduction in activity found by 
Slonaker (1925a) and Wang (1925) would argue for the acceptance of some 
general reduction in activity during pregnancy in the present experiments. If 
the activity is so drastically, or even appreciably reduced, several problems are 
raised. 

The observed increase of 10% in total energy expenditure would be an 
under-estimate in any comparison made with previous work, e.g. Brody et al. 
(1938), on resting animals. It is possible to derive, from the estimates given by 
Morrison (1955), an approximate figure of 15-20% of total metabolism of 
non-pregnant rats attributable to some form of activity, although not neces- 
sarily of the type which would be recordable by an ‘actograph’. It becomes 
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possible, then, that the maximum rise in absolute ‘basal’ e 
when activity conditions are equalized, may be nearer 20%, re best of 
this would be offset by also equalizing food intake. This would approximate 
more nearly to the value found by Pommerenke e¢ al. (1930), but is still well 
below the rise found by Kleiber & Cole (1945). 

Further, it has been shown in the present work that the diurnal variation 
in oxygen consumption is not substantially altered from that found in non- 
pregnant animals. Slonaker (19255) has shown that the diurnal variation in 
activity is largely eliminated during pregnancy. If the continuance of the 
diurnal wave as found in the present work is real and the total activity during 
pregnancy is, in fact, greatly reduced, then the diurnal variation in oxygen 
consumption cannot be attributed primarily to activity as has been suggested 
by Marx, Metz, Hiebel & Reys (1952), and Metz, Marx, Hiebel, Andlauer, 
Reys & Kayser (1952) for the rat, and by Hart (1952) for the mouse. It seems 
not impossible, however, that the great increase in food intake, and hence in 
specific dynamic action and in the minor feeding movements which would not 
be recorded on a work wheel or ‘actograph’, might be sufficient to offset, with 
regard to the diurnal variation, whatever fall in activity may occur. 

It is worth recalling here the indications that the energy expenditure rises 
quite rapidly at the beginning of pregnancy (Fig. 1), while both Slonaker 
(1925a) and Wang (1925) recorded a fall in activity almost immediately after 
mating. The rapid rise in total energy expenditure at the beginning of preg- 
nancy is also indicated by the significantly greater regression coefficient of 
expenditure on body weight for the first 12 days of pregnancy (Morrison, 1954), 
when the foetal mass is still negligible. 

The fall in rate of energy expenditure shown by the adjusted line in Fig. 2 
is susceptible of several possible explanations. It was seen above that a fall in 
activity is not supported by previous work. There could be a relapse from a 
normally raised metabolic rate during pregnancy, possibly with the rise in 
oestrogen level before preparation for parturition. Oestrogen depresses the 
energy metabolism of the whole animal, apparently through an antagonism to 
thyroxine activity (Sherwood, 1938). That this mechanism is active in preg- 
nancy is suggested by the greater tolerance of the pregnant rat to thyroid 
preparations (Danforth & Loumos, 1936). This would correspond with the 
tentative explanation advanced by Morrison (1956) of the changes in nitrogen 
exchange which occur at or slightly after this stage of gestation. It is notable 
that this fall in metabolic rate occurs at the time of maximum food intake 
(Fig. 2) and also at the time when foetal growth rate is rapidly accelerating. 
The phenomenon cannot, therefore, be explained in terms of the energy 
expenditure associated with food intake. 

With regard to the foetal growth rate, however, Kleiber, Cole & Smith 
(1943) measured the metabolic rate of rat embryos in vitro at 13 days’ gestation, 
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and it can be calculated from their data that the foetal rate is 80% of the 
‘basal’ rate of adult rats per unit body weight; the foetal rate is, however, only 
45% of the total metabolic rate for non-pregnant rats. A rapidly increasing 
total weight of foetal tissue with a relatively low metabolic rate might be 
expected, therefore, to go some way towards explaining the reduction in the 
total rate of energy expenditure of the total pregnant organism. Dewar (1953) 
found the metabolic rate of placentally pregnant mice per unit body weight to 
be higher than that of non-pregnant mice, while the metabolic rate for truly 
pregnant mice did not differ from that of non-pregnant mice. This would 
support the suggestion that the depressed metabolic rate in rats shown by this 
work is due to increasing foetal mass, and would also support the view that 
there is, in addition, a truly raised metabolic rate of the maternal organism. 
Calculations based on the estimated weights and on metabolic rates of con- 
ceptus and maternal tissue in the rat, however, do not reproduce at all closely 
the actual drop found in total metabolic rate, so this is unlikely to be the whole 
explanation. 

The low coefficient of body weight in equation (2) reflects the low rate of 
rise of energy expenditure in the second half of pregnancy after the rapid 
initial rise, The pregnancy data used for this equation start at the 10th day 
of gestation. The low coefficient of absorbed energy in equation (2) probably 
reflects the predominantly anabolic pattern of pregnancy. 

The failure to find any evidence of increased body water in excess of that 
required for the formation of foetal tissues is in contradiction to the indirect 
evidence of excess body weight and hypervolaemia (shown in the rat by 
Bond, 1948). Dewar (1953) also found direct evidence of post-partum water 
loss in the mouse. It is unfortunate that the two animals carried through the 
whole of pregnancy in this work showed the smallest residual gains in body 
weight. It is apparent (Fig. 5) that in this work the gain in maternal weight 
has been largely made up of energy-yielding materials, mainly fat. The nitrogen 
residual gain, although positive, is probably not greater than can be accounted 
for by the additional nitrogen of uterus and mammary glands. Boyne, 
Chalmers & Cuthbertson (1953) found, by analysis of dissected carcasses, that 
no nitrogen was gained during pregnancy in the rat by the non-reproductive 
structures of the mother. 

There may be a true species variation in respect of water retention. Camp- 
bell, Innes & Kosterlitz (1953) indicate that the detailed patterns of weight 
gain and maintenance in placental pregnancy differ in rat and mouse. On the 
other hand, Hoffmann, Knobil & Caton (1954) have shown that there is no 
difference between pregnant and non-pregnant rats in their ability to eliminate 
an imposed water load. Hutchinson, Plentl & Taylor (1954) used D,O to 
estimate total body water and water turnover in human pregnancy. Thev 
found that, although body water increased absolutely during pregnancy, it 
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tended to decrease relatively, giving rise to a relative dehydration immediately 
after parturition. 

More recent work with our indirect calorimeter (Cumming & Morrison, 
unpublished) indicates that the conditions of experiment may tend to produce 
a relative dehydration of the animal; that is, an excessive rate of gain of dry 
matter relative to rate of water gain. This is not caused by a simple desiccation 
process; the relative humidity in the animal chamber in the present experi- 
ments on pregnant rats was about 80%. It can safely be said, however, from 
the finding on total water gain, that a high gain is not an essential concomitant 
of successful pregnancy. 

The well-pronounced sudden increase in rate of water retention at about the 
14th day of gestation (Fig. 4) is one of the most striking features of the pattern 
of water exchange. It is a quantitative confirmation of the general view that 
most water retention occurs in the second half of pregnancy. It also conforms 
to the view that the placenta, which achieves almost full structural develop- 
ment at this time, plays a major part in the mechanism of water retention 
(Newton, 1949). It should, however, also be noted that this is the point at 
which the foetuses start their rapid acceleration of massive growth. 


SUMMARY 

1. The total energy expenditure of pregnant rats rises about 10% above 
the non-pregnant level. Much of this rise probably occurs in the first half of 
pregnancy. 

2. The rate of energy expenditure, after removal of the effects of change in 
body weight and food intake, falls significantly at about the 16th-18th day of 
gestation. 

3. The pregnant rat is in positive energy balance throughout almost the 
whole of pregnancy, but there is an increase in rate of energy retention at about 
the 14th day of gestation. 

4. Water retention increases markedly at about the 14th day of gestation, 
which is the beginning of the period of rapid growth of the embryos, and con- 
tributes the greater part of the gain in body weight in the latter part of 
pregnancy. 

5. No evidence has been found of a water retention during pregnancy in the 
rat in excess of that required for formation of reproductive tissues. Evidence 
has been found that a successful pregnancy can occur in a considerable degree 
of relative maternal dehydration. 


My thanks are due to the D. C. Andrew Research Fund of the University of Glasgow, which 
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THE REACTIONS OF THE BLOOD VESSELS OF THE HUMAN 
CALF TO INCREASES IN TRANSMURAL PRESSURE 


By D. R. COLES, B. 8. L. KIDD anp G. C. PATTERSON 
From the Department of Physiology, The Queen’s University of Belfast 


(Received 6 July 1956) 


Following observations on dogs, cats and rabbits, Bayliss (1902) concluded 
that an increase in intravascular pressure, which increased the transmural 
pressure, acted as a mechanical stimulus to the smooth muscle cells in the walls 
of the vessels and resulted in a vasoconstriction, while a decrease in intra- 
vascular pressure led to a vasodilatation. These conclusions have been 
supported by the experiments of Folkow (1949, 1953) who has shown that in 
animals it is the resistance vessels which react in this way. Evidence is now 
accumulating that a similar mechanism operates in man (Patterson & Shepherd, 
1954; Greenfield & Patterson, 1954; Wood, Litter & Wilkins, 1955; Coles & 
Greenfield, 1956; Patterson, 1956). 

This response of the peripheral blood vessels to changes in transmural 
pressure probably plays a part in the adjustment of the circulation to gravity. 
Observations in man have been confined to the forearm and hand. The responses 
of the resistance vessels in the leg to increases in transmural pressure are of 
greater interest, however, as these vessels are normally subjected to larger 
increases in pressure than those of the arm. In the present experiments, there- 
fore, the blood flow through the human calf has been measured plethysmo- 
graphically following exposure of the leg to subatmospheric pressures of the 
same order as those employed by Greenfield & Patterson (1954) on the arm. 
The results of some of these experiments have already been briefly described 
(Coles, Kidd & Patterson, 1956). 


METHODS 


The subjects were three healthy men, and the observations were made in a laboratory at a 
temperature of 22~24° C. The subject rested on a couch for 30 min before any measurements were 
made. The blood flow was measured simultaneously in both calves by venous occlusion plethysmo- 
graphy (Barcroft & Swan, 1953). The right leg was used throughout as a control; the left leg and 
its plethysmograph were enclosed in a tank in which the pressure could be varied as desired 
(Greenfield & Patterson, 1954). The arrangement of the legs in relation to the tank and cuffs is 
shown in Fig. 1. The plethysmographs were filled with water, maintained at 35° C throughout the 
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experiment. The ankle cuffs were inflated to 250 mm Hg to arrest the circulation through the 
foot 1 min before flow measurements started. At least four measurements of resting flow were 
made before each pressure exposure. In each experiment the collecting pressure was that which 
gave the highest apparent rate of blood inflow; this was usually in the range 50-70 mm Hg. The 
air lead from the plethysmograph was then temporarily connected to the inside of the enclosing 
tank instead of to the float recorder and the pressure in the tank reduced to the desired level for 
the desired time. The plethysmograph lead was reconnected to the recorder as soon as the tank 
pressure returned to atmospheric, and the collecting cuffs were inflated for 12 sec in every 15 sec 
for the next 2} min. The first inflation usually started 10-15 sec after the return of the pressure in 
the tank to atmospheric, Observation showed that the air in the transmitting system from the 
plethysmograph to the float recorded assumed, for practical purposes, a constant volume within 


ap 
float recorder lax To float 
recorder 


\ 
To | | <i 
mm Hg. : 


To suction 
pump 


Fig. 1. Arrangement of the tank, plethysmographs and cuffs. The tap connects the 
plethysmograph air lead to either the float recorder or the inside of the tank. 


5 sec of release of the pressure in the tank. The leg was exposed to pressures of 0 (blank experi- 
ments), 50, 100, 150 and 200 mm Hg below atmospheric for periods of 30 and 60sec. A few 
observations were made after exposure of the leg to a pressure of 100 mm Hg below atmospheric 
for periods of 5 and 10 min. The pressure differing least from atmospheric was applied first ; second 
and subsequent exposures were made only when examination of the recordings indicated that the 
flow in each calf had returned to a resting level. 

A few measurements of the volume changes of the calf were made in the course of the present 
experiments, During these the ankle cuffs were inflated to 300 mm Hg throughout, and the 
position of the water meniscus in a calibrated tube attached to the plethysmograph was read, 


before, at 5 sec intervals during, and for 1 min after exposure of the leg to each pressure used in the 
blood-flow experiments. 


RESULTS 


The results are expressed as the percentage of the simultaneous flows through 
the control calf after making allowances for any lack of symmetry on the two 
sides before the exposure of the experimental calf to pressure changes (Green- 
field & Patterson, 1954). Each of the three subjects (D.R.C., B.8.L.K. and 
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G.C.P.) was exposed on two occasions to the full range of pressures for both 
30 and 60sec. A typical series of plethysmographic recordings is shown in 
Fig. 2. The pressure in the tank enclosing the left (experimental) leg was 
reduced to 100mm Hg below atmospheric (—100 mm Hg) for 30 sec. The 
rate of blood inflow to the right (control) leg remained almost unchanged, but 
that to the experimental leg was much diminished and returned only slowly 
to a steady level. The mean of four flows immediately preceding suction in the 
experimental calf was 6-0 ml./100 ml./min, and for the control side 5-0. After 
exposure the flows in the experimental! calf were 1-5, 3-0, 5-5 and 5-9, and the 
corresponding flows for the control were 5-1, 5-1, 5-1 and 4-8. The calculated 
values of percentage blood flow after exposure are 25, 49, 90 and 102. In this 
example there was relatively little disturbance of the blood flow in the control 


5 

: 
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Fig. 2. A typical plethysmographic recording of blood flow through the right and left calves 
before and after exposure of the left leg to a pressure of 100 mm Hg below atmospheric for 
30 sec. 


leg and this was generally the case. In all experiments the changes in the 
absolute rate of blood inflow in the experimental calf were closely parallel 
to the changes in the percentage flow. 

Fig. 3 shows the results of blank experiments in which the exposure was to 
0 mm Hg below atmospheric pressure for 30 sec. As expected, the blood flow 
remained close to 100% after exposure. 

Fig. 4 shows the results of all the experiments in which the left leg was 
exposed to subatmospheric pressures for 30 sec. Exposures to —50 mm Hg 
had little effect on the blood flow. Exposures to — 100, —150 and —200 mm 
Hg were followed by a transient decrease in flow, the flow after - 200 mm Hg 
being reduced by 55-75%; the flows then gradually increased, reaching the 
previous level in about 1 min following —100 mm Hg and in about 2 min 
following —200 mm Hg. Exposure to the same pressures for 60 sec (Fig. 5) 
gave similar results, except that the blood flow was reduced even more than 
after the corresponding pressures for 30 sec. This transient decrease in flow 


was fairly regular in all experiments. 
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Fig. 3. Percentage blood flow following ‘exposure’ to atmospheric pressure only. Plain lines 
subject G.C.P., lines ending in solid circles D.R.C., and in solid squares B.8.L.K. Time in 
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Fig. 4. Percentage blood flow following exposure to subatmospheric pressures for 30 sec. 
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In one experiment on each of two subjects the leg was exposed to — 100 mm 
Hg for periods of 5 and 10 min. The decrease in flow after such exposure was 
similar to that seen following exposure for 1 min. 


mm Hg 100 mm Hg 


2 2 


1 
Minutes Minutes 


Fig. 5. Percentage blood flow following exposure to subatmospheric pressures for 60 sec. 
| Conventions as in Fig. 3. F 


Evidence that the reduction in inflow depends upon 
the distension of the blood vessels of the calf 

If the circulation to the leg is arrested for 1 min by inflating a thigh cuff to 
350 mm Hg, on exposure of the leg to — 100 mm Hg no blood can enter and 
distend the vessels. On release of the circulation the reactive hyperaemia is no 
different from that following simple arrest of the circulation (Fig. 6A, B); 
but if the leg is exposed to — 100 mm Hg and the circulation in the distended 
vessels is then arrested for 1 min the reactive hyperaemia is abolished, whether 
or not the exposure to —100 mm Hg is continued (Fig. 6 C, D), From these 
experiments it is concluded that the reduction in blood flow following suction 
depends upon the distension of the blood vessels of the calf and is independent 
of the effects of reduced pressure on other structures of the limb. 
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Fig. 6. A comparison of the effects during the subsequent 2 min on the blood flow through the ¢ fe 


calf after: A, arrest of the circulation through the calf for 1 min; B, exposure of the leg to 
~ 100 mm Hg for 1 min during arrest of the circulation for the same minute; C, arrest of the 


circulation for 1 min in a leg distended with blood by suction at — 100 mm Hg for the previous — 
minute; D, arrest of the circulation for 1 min in a leg distended with blood by suction at — 


-100 mm Hg for the previous minute, with the suction continuing during the minute of 
arrest. 
Sensations 
At pressures of 50 and 100 mm Hg below atmospheric the leg is felt to fill 
up but is not uncomfortable. At —150 mm Hg the sensation is mildly un- 
pleasant, and at —200 mm Hg the leg feels very tense. 


Volume changes 

During exposure to subatmospheric pressures the volume of the calf within 
the plethysmograph increased and water was displaced from the plethysmo- 
graph to a calibrated side tube. The increase in the volume of the calf could 
therefore be measured directly. The increase in volume included an artifact 
due to movement of the leg relative to the plethysmograph. To measure this 
artifact the cuffs shown in Fig. 1 were inflated to 350 mm Hg; exposure to 
subatmospheric pressure caused a rapid initial increase in volume due to 
movement, followed by a very slow increase presumably due to leakage of 
blood past the cuff. It was assumed that the volume changes in the first 5 sec 
of exposure to subatmospheric pressures and in the first 5 sec after release of 
the pressures were due to, and represented the whole of, the tissue movement 
relative to the plethysmograph. The mean volume changes due to movement 
were 0-20, 0-40, 0:46 and 0-53 ml./100 ml. of calf tissue during exposures to 
—50, —100, —150 and —200 mm Hg respectively. Provided the heel had a 
firm abutment the volume artifact due to movement was both small and 


4 
> 
| 
‘ 
. 


Ae 


VASCULAR REACTIONS TO TRANSMURAL PRESSURE 671 


constant, and thus the increase in volume of the calf during exposure to 
suction, which was of the order of 5-10 ml./100 ml., could be determined. 
Fig. 7 shows the volume changes for D.R.C. during and after exposure to 
subatmospheric pressures for 60 sec. Each point is the mean of two observa- 
tions. During exposure the volume rapidly increased for the first 15 sec at 
all pressures, more rapidly with —200mm Hg than with —100 mm Hg. 
Thereafter the increase was slow. Following exposures to —50, —100 and 
~150 mm Hg the calf volume had returned to a steady level, within 0-25 % of 
the resting level, by 15-30 sec. After —200 mm Hg there was a persistent 
residual volume increase of 0-9 %,. The cause of this is not known; it may be due 
to the accumulation of blood or of tissue fluid. 
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Fig. 7. Volume changes during and after exposure to subatmospheric pressures for 60 sec: 
each curve is the mean of two experiments. 


DISCUSSION 
The validity of the observations of reduced inflow 
During exposure to subatmospheric pressure the veins and other capacity 
vessels are distended. If this distension persisted, the rate of inflow as measured 
by the venous occlusion plethysmographic method might be an underestimate 
of the true rate of inflow. At the time, 15-30 sec after exposure to — 50, — 100 
and —150 mm Hg, when the lowest flows were recorded, the volume of the 
limb had reverted to a steady level, within 0-25 % of the resting value (Fig. 7). 
From then onwards the volume was almost constant but the flows progres- 
sively increased. After exposure to —200 mm Hg, there was a persistent 
residual volume increase which was for D.R.C. 0-9% and for B.8.L. K. 0:75 %. 
Coles & Kidd (unpublished), however, have shown that increases of calf 
volume of as much as 1:5%, brought about by venous congestion, have no 
significant effect on the apparent rate of blood inflow. It is concluded that in 
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‘the present experiments any residual venous distension was insufficient to 


invalidate the measurements of blood flow. These observations therefore show 
that following exposure of the leg to pressures of from 100 to 200 mm Hg below 
atmospheric, the blood flow through the calf is reduced. The reduction in 
blood flow is a local reaction, since simultaneous observations on the opposite 
leg failed to show any major circulatory disturbance. The reduction is seen 
only when the vessels are allowed to become distended during suction, and is 
therefore not due to the effects of reduced pressure on other structures in the 
limb. 

During the blood-flow measurements the perfusion pressure and viscosity 
of the blood in the two limbs is presumed to be similar; hence the reduction in 
blood flow, seen in the experimental leg following suction, must indicate an 
increase in the local peripheral resistance resulting from a vasoconstriction. 

Decreasing the local atmospheric pressure increases the differential pressure 
between the lumen of the blood vessels and the surrounding air by an equal 
amount. The pressure in the tissues follows closely the local atmospheric 
pressure (Coles, Greenfield & Kidd, unpublished). Thus the differential pressure 
across the walls of the blood vessels, or transmural pressure, is increased by 
very nearly the same amount as the atmospheric pressure is decreased. 

The calibre of the blood vessels depends on a balance between transmural 
pressure, tending to dilate the vessel, and the wall tension tending to constrict 
it. The present experiments give no information concerning the reaction of the 
blood vessels of the calf during exposure to subatmospheric pressures. It may 
be that the reaction in the vessel wall is strong enough to cause a vasocon- 
striction while the suction is applied. However, Coles & Greenfield (1956) and 
Coles (1956) have made calorimetric observations on the hands and feet during 
local exposure to subatmospheric. pressures of the same order as those used in 
the present experiments. They have shown that during exposure to — 100 mm 
Hg there is little alteration in the rate of heat elimination from the hands and 
toes, and from this they concluded that there is little alteration in the calibre 
of the blood vessels. This suggests that there is a local mechanism causing an 
increase in the contractile force in the walls of the blood vessels just sufficient 
to oppose the greater transmural pressure. On sudden removal of the increase 
in pressure, a persistence of this contractile force would lead to the vaso- 
constriction seen in our present experiments. The evidence concerning the 
responses of the human blood vessels to increases in transmural pressure is, 
however, fragmentary, and it is possible that the resistance vessels of the 
hand and foot differ in their responses to increases in transmural pressures 
from those of the calf. 

The vasoconstriction in the calf following exposures to subatmospheric 
pressures is similar to that observed in the forearm by Greenfield & Patterson 


(1954). Within the range of changes in transmural pressure likely to be 
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encountered in the forearm under normal conditions, the forearm vessels have 
a slightly more marked vasoconstrictor response than those of the calf. Within 
the range of changes in transmural pressure likely to be encountered in the 
calf, the calf vessels react more regularly and more strongly than those of the 
forearm. They are also more able to withstand very large increases in trans- 
mural pressure, since exposure of the leg to —200 mm Hg was invariably 
followed by a vasoconstriction whereas exposure of the forearm was frequently 
followed by a prolonged vasodilatation. Petechial haemorrhages were not seen 
after any of the present exposures, while they were seen after exposure of the 
forearm to the same pressures. The sensations were much less unpleasant than 
in the forearm. 

The present experiments throw no light on the mechanism of the local 
response to increases in transmural pressure. Patterson & Shepherd (1954) 
showed that the blood flow through the forearm is regularly decreased below 
the resting level following congestion of the veins for 5 min by inflation of a 
cuff around the upper arm to 80-110 mm Hg. This reaction was similar in 
normally innervated, sympathectomized and apparently completely de- 
nervated arms. From these observations they concluded that the contractile 
response was independent of the nervous pathways which had been interrupted. 
Although their results do not rule out the possibility of a humoral mechanism, 
they can be readily explained as a direct response to a mechanical stimulus of 
the muscular elements in the walls of the resistance vessels as was first suggested 
by Bayliss in 1902. Such an explanation may account for our present findings. 


SUMMARY 

1. The rate of blood flow through the calves of both legs has been measured 
after exposure of one leg to pressures of 50, 100, 150 and 200 mm Hg below 
atmospheric for periods of 30 and 60 sec. 

2. After exposure to — 100, —150 and —200 mm Hg for 30 and 60 sec there 
was a reduction in blood flow due to a local vasoconstriction. After exposures 
to —50 mm Hg there was little alteration in the rate of blood flow. The rate 
of blood flow in the control calf was little changed in any experiment. 

3. Evidence is presented to show that this reaction depends on the dis- 
tension of the blood vessels of the limb. 

4. It is concluded that the vasoconstriction is a response to the increase in 
transmural pressure produced by increasing the differential pressure between 
the lumen of the blood vessels and the outside air. 

5. The range of pressures to which the vessels of the calf react differs from 
that to which the vessels of the forearm react, but corresponds to the trans- 
mural pressures likely to be encountered in the calf under normal conditions 
of life. 
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The view that phosphatases participate in glucose absorption from the 
intestine and from the renal tubules is still a matter of controversy. It is 
based on (1) the hypothesis of Verzar (Verziar & McDougall, 1936) that glucose 
undergoes phosphorylation and dephosphorylation during absorption, and 
(2) the fact that alkaline phosphatase is found in large amounts in those sites 
of the body (particularly the intestine and renal tubules) where glucose © 
transport is known to occur (for references see Moog, 1946). The well-known 
inhibitory action of phlorhizin on glucose absorption has been used by several 
workers to investigate the relation between phosphorylation and absorption. 
Lundsgaard (1933a) put forward the view that the action of phlorhizin on 
absorption could be explained by its effect on phosphorylation and de- 
phosphorylation, but later (1935) he withdrew this on the grounds that a much 
higher concentration of phlorhizin was required to inhibit phosphorylation 
and de-phosphorylation in vitro than was required to inhibit renal tubular 
reabsorption. A similar argument has been applied to the intestine by Ponz & 
Larralde (1952). One objection to these experiments is that the concentration 
of inhibitor affecting enzymes in minced tissues is not necessarily the same as 
that which affects the enzymes in situ in the cells. The Gomori (1939) tech- 
nique for alkaline phosphatase affords an opportunity of testing the effect 
of inhibitors while the tissues are at least in their normal structural (if not 
physiological) relationships. This technique has been used by Kritzler & 
Gutman (1941), who failed to find any evidence of inhibition of alkaline 
phosphatase in the kidneys of phlorhizinized animals. It seems possible, 
however, that this failure was due to the reversibility of the phlorhizin in- 
hibition and the fact that the phlorhizin originally present was washed out 


during the processing of the tissues. It was therefore decided to investigate 


43-2 


4 
dvice, 4 
penses 
ndona: 
‘ssure, 
hand 
assels, 
ywing 
ctive § 


676 E. LESLY JERVIS AND OTHERS 


the effect of phlorhizin on intestinal absorption and intestinal alkaline 
phosphatase, particularly as preliminary accounts by Jervis, Sheff & Smyth 
(1956) had indicated the very great sensitivity of the rat intestine to phlor- 
hizin. A few experiments were also done with the aglucone of phlorhizin, 
phloretin, which had been shown by Lambrechts (19366) to inhibit tissue 
phosphatase, but has not been previously tested in intestinal absorption. 

Should alkaline phosphatase be concerned in energy transfer reactions as 
distinct from the formation and breakdown of an intermediate compound 
associated with the absorption of glucose, then its inhibition might also 
interfere with the absorption of other substances. Fisher (1954, 1955), and 
Smyth & Taylor (1954, 1955a, 1956) have produced evidence that the ab- 
sorption of water in vitro is an active process and is inhibited by phlorhizin. 
It was therefore of interest to find whether the inhibition of water absorption 
by phlorhizin, observed in vitro by these authors, also occurred in vivo. 


METHODS 


In the study of absorption from the intestine, the procedure used was that described by Sheff & 
Smyth (1955), in which a solution is circulated through the lumen of the intestine, and deter- 
minations are made either of the concentration or of the total amount of the substances present. 
For the present investigation the apparatus has been improved by minor modifications; the 
modified form of apparatus is shown in Text-fig. 1. White rats between 160 and 300 g body weight 
were anaesthetized with pentobarbitone sodium, the abdominal wall opened, and cannulae tied 
into the duodenum and terminal ileum. The gut was washed out with warm saline and then 
attached to the apparatus. The solutions to be studied were introduced into the apparatus, and 
circulated by means of a gas lift, the oxygen used for this purpose being saturated with water vapour 
so as to prevent loss of water by evaporation. Samples could be withdrawn at selected times 
during the course of the experiment, and at the end of the exper:ment the fluid circulating through 
the intestine was drained into a collecting flask by means of the two-way taps, which also facilitated 
the rapid washing out of the intestine. ' 

Estimation of glucose absorption. A measured amount of glucose was introduced into the 
intestine and in order to increase the accuracy of the results no samples were taken. At the end of 
the experimental period the intestine was drained into a volumetric flask containing a protein 
precipitant. The intestine was then quickly washed out with sufficient saline to bring the final 
volume to 250 ml. The total amount of glucose remaining in the intestine at the end of the experi- 
ment was thus recovered and measured. 

Two different procedures were used in measuring the effect of phlorhizin on the absorption of 
glucose. In the first of these the amount of glucose absorbed in 30 min in the presence of phlor- 
hizin was compared with the value found in animals where no inhibitor was present. The second 
procedure was designed to eliminate individual variation; the same animal was used for two 
periods, one with the inhibitor present and one without. In this case shorter periods were used 
(15 min instead of 30 min). The solution to be studied was introduced into the intestine for 15 min, 
after which the intestine was washed out and allowed to rest for 30 min. Another solution was 
then introduced and again washed out at the end of 15 min. As may be seen in Table 1, in the 
absence of inhibitor the absorption of glucose in the second period was usually about 10% lower 
than in the first, and this was taken into consideration in assessing the amount of inhibition in 
experiments where the inhibitor was present. 

Estimation of water absorption. The theory of the method is that the volume circulating in the 
system can be calculated from the concentration and total amount of some substance in solution, 
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the volume absorbed being the difference between the initial and final volumes present. The initial 
amount of solute was taken to be the quantity added, and the final amount was determined by 
washing out the intestinal contents at the end of the experiment and estimating the total solute 
present. The initial and final concentrations were determined by taking samples. The initial 
sample was taken 3-5 min after the addition of the substance. This interval was usually found to 


be adequate for mixing. The final sample was taken immediately before washing out. 


Text-fig. 1. Apparatus used for circulation of fluid through the intestine. The fluid contained in 
the reservoir A is circulated through the intestine by means of gas lift B. Warm water (38° C) 
enters the apparatus at C and leaves at D. The two-way taps Z facilitate rapid washing out of 
the intestine. 


The substances used by Sheff & Smyth (1955) for volume determinations were sodium sulphate 
and creatinine. Thiosulphate, however, has the advantage that it can be determined more ac- 
curately and more easily than either of these, although creatinine has the advantage that a smaller 
amount is needed for estimation with less consequent effect on the osmotic relations inside the 
intestine. Accuracy of determination was considered to be of the greatest importance, since the 
total amount of water absorbed was not large (5-8 ml./hr) and the value was obtained from the 
difference between two volumes, each of which depended on two estimations. Furthermore, in the 
presence of phlorhizin it was found that creatinine estimations were less reliable, and therefore 
sodium thiosulphate was used throughout these experiments. The amount added was equivalent 
to 5 ml. of 0-1» sodium thiosulphate and the final concentration of thiosulphate was 0-01 N. 

Of the two volumes measured, initial and final, the initial volume tended to be less reliable, 
because in caleulating it, it was assumed that complete mixing had occurred, and that all the 
solute added was in circulation. In fact, for various reasons, these conditions may not obtain. On 
the other hand, in calculating the final volume the amount of solute in circulation was actually 
measured and the same error did not therefore arise. If, before connecting it to the apparatus, the 
intestine is enrptied by blowing air through it, it is found that 1-2 ml. water is left inside. On this 
fact can be based the alternative method for determination of the initial volume. The intestine 
is blown out just before the experiment is started, 50 ml. of fluid is accurately pipetted into the 
apparatus, and if 51-5 ml. is taken as the initial volume, the error is probably not greater than 
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1 ml. Both of these methods have been used for calculating the initial volume, but with either of 
them it must be admitted that the estimation of water absorption is considernbly less accurate 
than that of glucose. 

Chemical estimations. Glucose was estimated by two different procedures, those of Shaffer & 
Somogyi (1933) and of Nelson (1941). In the case of the Shaffer & Somogyi method, deproteiniza- 
tion was carried out by means of copper sulphate and sodium tungstate, and in the case of the 
Nelson method by barium hydroxide and zinc sulphate. Thiosulphate was estimated by titration 
with iodine, without preliminary deproteinization. 

Phloretin was prepared by acid hydrolysis of phlorhizin with subsequent recrystallization as 
described by Bach (1939). 

Histological and histochemical procedures. In some experiments the duodenum was cannulated 
a few centimetres below the pylorus, thus leaving a portion of the duodenum above the point of 
cannulation through which fluid was not circulated, which was therefore not exposed to phlor- 
hizin. At the end of the experiment pieces of tissue were taken from this part of the duodenum and 
also from the immediately adjacent part through which fluid had been circulated. All pieces of 
tissue were fixed in ice-cold 80% alcohol for 16 hr, after which they were dehydrated in alcohol, 
cleared in benzene and embedded in paraffin wax. In order that controls from each block of tissue 
could be used, especially in the histochemical test, serial sections 7, thick were cut from each 
block and mounted on separate slides and then stored in the refrigerator. From each series of 
slides one or two sections were stained with haematoxylin and eosin and examined microscopically 
to see whether any damage could be observed which might be attributed to the phlorhizin or the 
experimental procedure. 

The alkaline phosphatase reaction was studied by means of the Gomori (1939) cobalt sulphide 
technique with the addition of Mg*+ as recommended by Kabat & Furth (1941) to enhance the 
enzyme activity. Sodium-f-gly hosphate was used as a substrate. The incubation period 
used was | hr, this period having been ascertained previously to be free from diffusion artifacts. 
The reactions were carried out at a pH of either 7 or 9-4, since it was desired to know not only the 
effect of phlorhizin on the activity of the alkaline phosphatase reaction at an optimum pH but also 
at the pH which might be expected to exist under physiological conditions. 

_ In the study of the effect of phlorhizin on the alkaline phosphatase reaction three different 
histochemical experiments were carried out. ) 

(1) Sections from the portions of intestine through which fluid containing phlorhizin had been 
circulated were incubated in a medium which did not contain phlorhizin and then compared with 
similarly treated sections from the regions above the point of duodenal cannulation. 

(2) Sections from intestine which had been exposed to phlorhizin were incubated in a medium 
having the same concentration of phlorhizin as that in the circulating fluid and compared with 
sections from the upper region of the intestine which had been incubated in the presence of the 
same concentration of inhibitor and also in its absence. 


(3) The effect of different concentrations of phlorhizin in the incubating fluid was studied in 
sections from both pieces of tissue. 


RESULTS 
Rate of absorption of glucose in the anaesthetized rat 
The rate of glucose absorption for a half-hour period was measured in twenty- 
five rats. The rate of absorption in absolute quantities per half-hour varied 
from 31-6 to 45-4 mg, with a mean of 39-2 mg and a standard deviation of 
3-82 mg. When the results were expressed in mg/100 g body wt./30 min, the 
variation was from 11:2 to 20-6 mg, with a mean of 14-49 mg and a standard 
deviation of 1-93 mg. The variation was thus proportionately less when the 
absolute values were taken, than.when the amount was calculated per 100 g 
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body weight. The relation between body weight and glucose absorption is 
shown in Text-fig. 2, from which it appears that the rate of absorption is not 
proportional to body weight. Fisher & Parsons (1950) claimed that intestinal 
length is independent of body weight in rats above 150 g, and our results are 
consistent with this view. In expressing the results we have therefore taken 
the absolute amount of glucose absorbed, and not the glucose absorbed per 
100 g body wt. 

The results of experiments in which two periods of absorption in one animal 


_ were used are shown in Table 1. From this it is seen that during the second 


period the amount of glucose absorbed was on the average 90% that of the 
first period, For measuring the effect of inhibitors in two periods the figure 
of 90°% of the glucose absorbed in the first period was taken as the control 
value for the second period. 
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Glucose absorbed (mg/100g body wt./30 
° 
° 


Body wt. {g) 
Text-fig. 2. Relation between body weight and glucose absorption. 


Taste 1. Amount of glucose absorbed in anaesthetized rat in two 15 min. periods 
separated by 30 min; initial concentration of glucose, 100 mg./100 ml. 


Amount of glucose absorbed (mg) 


Amount absorbed in second period 
First period Second period Amount absorbed in first period 

18-7 16-3 0-87 

19-3 16-9 0-88 

19-7 16-3 0-83 

19-7 17-1 0-87 

21:3 17-6 0-83 

21-0 20-1 0-96 

18-4 18-9 1-03 

17-8 16-9 0-95 
19-49 + 1-22* 17-51 +. 1-34* 0-903 

* Mean +S.p. 
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Rate of water absorption in the anaesthetized rat 

The results of a series of experiments are shown in Table 2. In this table 
the initial volume has been calculated by the two procedures described, and 
the volume absorbed is given as obtained by each of these procedures. From 
this table it is seen that the measurement of the volume of water was probably 
much less accurate than that of glucose, and also that there was a considerable 
individual variation. The volume absorbed was also relatively small in 
relation to the magnitude of the error, so that periods of less than 1 hr would 


Tasiz 2. Rate of water absorption in the anaesthetized rat 


In the first column the initial volume has been calculated from the concentration of thio- 
sulphate and in the second column by adding 1-5 ml. to the volume pipetted into the apparatus. 
In calculating the volume absorbed it must be remembered that 10 ml. have been removed for 
estimation of thiosulphate. The last two columns show the volume of water absorbed calculated 
from columns | and 2 respectively. , 


Initial volume 
— A >» Final volume Volume absorbed in 1 hr 

with 

i from volume from col, 1 from col. 2 
(ml.) added (ml.) (mi.) (ml.) (ml.) 
56-1 56-5 35-3 10-8 11-2 
55-2 56-5 39-2 6-0 73 
55-6 56-5 41-2 4-4 53 
53-7 51-5 35-5 8-2 6-0 
66-5 66-5 48-5 8-0 8-0 
67-2 66-5 50-7 6°5 5-8 


have been of doubtful value. The two-period type of experiment was therefore 
ruled out, as it seems probable that in an acute experiment lasting more than 
2 hr there might be substantial circulatory changes which would make the 
results unreliable. The individual variation makes it obvious that in looking 
for the effect of inhibitors on water absorption only gross effects can be taken 


into account. 
Effect of phlorhizin on glucose absorption 

The inhibition produced by phlorhizin is shown in Tables 3 and 4. Table 3 
shows the results of the one-period type of experiment, in which the degree of 
inhibition was calculated by comparing the amount of glucose absorbed in the 
presence of phlorhizin with that absorbed in other animals where no phlorhizin 
was present. The results of this type of experiment were confirmed by the 
two-period experiments shown in Table 4, where the same animal was used for 
a period with phlorhizin and also a period without phlorhizin. In calculating 
the amount of inhibition, it was assumed that the amount of glucose absorbed 
during the second period in the absence of phlorhizin would have been 90% of 
the amount absorbed during the first period. From these experiments it can be 
concluded that nearly complete inhibition of glucose absorption was caused by 
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a concentration of 10-*m phlorhizin, and that some degree of inhibition was 
produced by 10-*m. Table 4 also includes experiments in which phlorhizin was 
present during the first period, and not during the second, and these results 
show that the effects of phlorhizin are reversible. Even with 10-*m a con- 
siderable degree of recovery took place in the second period, and with smaller 
concentrations of phlorhizin in the first period the amount of glucose absorption 
in the second period was not far below the range of the values in the group 
where the first period was used as the control. 


TaBLE 3. Effect of phlorhizin on glucose absorption in single-period experiments 


Conen. of Amount of glucose . 

phlorhizin absorbed No. of Inhibition 
(mg) experiments (%) 
0 39-15 25 
107 38-6 3 1 
10-* 34:8 7 11 
10-* 26-3 3 33 
10-* 20-8 5 47 
10-* 3-0 3 93 


Tas_e 4. Effect of phlorhizin on glucose absorption in two-period experiments 


First period Second period 
Conen. of Glucose Conen. of Glucose 
absorbed i absorbed Inhibition 
(mM) (mg.) (mM) (mg.) (%) 
0 16-4 10-* 12-0 18 
0 21-5 10% 12-6 35 
0 21-9 10-* 8-0 59 
0 21:3 1-9 90 
10-* 17-2 0 18-9 18 
8-5 0 15°5 51 
2x10-* 5-9 0 15-7 66 
0-3 0 12-0 98 


The tables indicate the very wide range of phlorhizin concentrations which 
appeared to affect glucose absorption, i.e., from 10-*m to nearly 10-*m. This — 
has been examined further by plotting the absolute amount of glucose ab- 
sorbed in a large number of single-period experiments against the concentra- 
tion of phlorhizin (Text-fig. 3). The broken line indicates the average value in 
twenty-five experiments where no phlorhizin was present. The results suggest 
that there were two ranges in which phlorhizin affected glucose absorption. 
Over the range of 10-*-10-*m increasing inhibition was seen up to about 30% 
inhibition at 10-°m. A further tenfold increase of the concentration, up 
to 10-4m, produced only a small increase in inhibition, while an increase 
from 10-* to 10-*m increased the inhibition up to nearly 100%. This would 
suggest that there are possibly two processes in glucose absorption which are 
sensitive to phlorhizin, and that these processes are susceptible to different 
concentrations of the inhibitor. 
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Effect of phloretin on glucose absorption : 
The effects of phloretin on intestinal absorption of glucose were studied by 
methods similar to those used for phlorhizin. Phloretin is considerably less 
soluble than phlorhizin, and a concentration of phloretin causing complete 
inhibition of glucose absorption was not obtained, On account of the difficulty 
of dissolving phloretin, the amount actually in solution in each case was 
estimated by the method of F. A. Jenner & D. H. Smyth (unpublished). Some 
typical results (Table 5) show clearly that while phloretin caused some in- 
hibition of glucose transport it was much less effective than phlorhizin. 
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Text-fig. 3. Relation between concentration of phlorhizin and absorption of glucose. 
The broken line shows the average glucose absorption in the absence of phlorhizin. 


TaBLe 5. Effect of phloretin on intestinal absorption of glucose 


Type of Conen. of Inhibition 
experiment phloretin (m) (%) 
One-period 3-6 x 27 

1-8 x 10-* 23 

36x10°5 13 

10-5 0 

Two-period 2-7 x 10-4 23 
10-* 6 

2-5 x 0 


Effect of phlorhizin and phloretin on water absorption 

The effect of phlorhizin on water absorption in some typical experiments is 
shown in Table 6. In fourteen experiments without phlorhizin the average 
rate of water absorption was 6-8 ml./hr with a standard deviation of 1-8 ml./hr. 
In eight experiments with phlorhizin at a concentration of 2 x 10-*m the rate 
of water absorption was 6-9 ml./hr with a standard deviation of 1-14 ml./hr. 
From this it is concluded that phlorhizin does not have any marked effect on the 
absorption of water under the conditions of these experiments. The results 
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thus contrast sharply with those of Smyth & Taylor (19552), who showed that 
in the preparation i vitro water absorption was inhibited by phlorhizin. 
Similar experiments with phloretin showed that no significant inhibition of 
water absorption was detectable with phloretin up to concentrations of 
3x 10-*. 

TaBe 6, Effect of phlorhizin on water absorption 


The initial volume is assumed to be 51-5 ml. The final volume is determined from concentration 
and amount of thiosulphate. 10 ml. was removed as sample. Period 1 hr. 


Concn. Volume 
of phlorhizin Final volume absorbed 
(Mm) (ml.) (ml.) 
33-8 7-7 
2x10 36-5 5-0 
2x10°* 33-1 8-1 
34-8 6-7 
36-2 53 
10°* 34-5 70 
Histological and histochemical results 


In all cases examined there was no evidence of damage to the mucosa either 
as a result of the circulation of fluid through the intestine or of the exposure to 
phlorhizin. The intestine appeared to be perfectly normal, when compared 
either with intestine from other animals or with the section of intestine from 
the same animal which had not been included in the experimental part of the 
procedure. 

Pieces of tissue which had been exposed to phlorhizin during the absorption 
experiment but had no phlorhizin in the incubating fluid showed no evidence 
of inhibition when examined for alkaline phosphatase. On the other hand, — 
when phlorhizin was present during the incubation of the tissues there was 
clear evidence of inhibition depending on the concentration of phlorhizin 
present and also on the pH at which the incubation was carried out. These 
findings indicate the reversible nature of the inhibition of alkaline phosphatase 
produced by phlorhizin. The results are shown in Table 7. 

In the assessment of inhibition the authors have been careful to avoid the 
too strict translation of histochemical results into quantitative ones. With this 
in mind several different factors to be mentioned below were taken into con- 
sideration. The results have been classified into four broad groups: inhibition 
absent, slight, substantial or complete. Where there was no inhibition (PI. 1, 
fig. 1) it can be seen that a dense reaction for phosphatase in the striated 
border extended down. to the bases of the villi. This reaction was uniform 
throughout the border except in the regions occupied by goblet cells. In 
addition to the positive striated border the apical cytoplasm and Golgi regions 
of the mucosal cells also gave a positive reaction. With slight inhibition (PI. 1, 
fig. 2) it can be seen that there was not only a general lessening in the intensity 
of the reaction but that the striated border at the extreme bases of the villi had 
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become negative and that the apical cytoplasm had become much less re- 
active. In only a few regions was any reaction to be seen in the regions of the 
Golgi apparatus. Substantial inhibition (Pl. 1, fig. 3) resulted in a still greater 
loss of reaction in the striated border, with the result that approximately the 
lower third of each border was negative. When the cytoplasm of the mucosal 
cells was examined it was seen to be completely negative. In complete 
inhibition (Pl. 1, fig. 4) no reaction could be detected except in occasional 
small areas of the striated border. 

The phosphatase reaction at pH7 in the absence of phlorhizin was, as 
expected, considerably less intense than the reaction at pH 9-4. From Table 7 
it may be seen that the smallest concentration of phlorhizin which caused 
inhibition at either pH 7-0 or 9-4 was 10-*m. 


Tasz 7. Effect of phlorhizin on intestinal alkaline phosphatase reaction 


Concentration of phiorhizin (m) 
5 x 2 x 10-* 10-8 5x 10-* 
Inhibition 
9-4 Almost Substantial Substantial Slight None 
complete 
70 Complete Complete Substantial Slight None 


Similar experiments were carried out to study the effect of phloretin on 
intestinal phosphatase. Phloretin added to the incubating medium to the 
point of saturation did not show any definite inhibition of the alkaline phos- 
phatase reaction. The concentration of phloretin was estimated and found to 
be 2:7x10-*m. Phloretin thus seems to be definitely less effective than 
phlorhizin in causing inhibition of alkaline phosphatase. 


DISCUSSION 


The technique described facilitates the study of absorption of solutes from an 
intestine with intact blood supply. It has the advantage over previous 
techniques in that it enables the concentrations of the solutes to be determined 
at any time during the experiment. It also enables estimations to be made of 
the rate of water absorption, but the accuracy of these estimations is con- 
siderably less than those of the absorption of solutes. 

The results show that phlorhizin in extremely low concentrations inhibits 
glucose absorption from the rat intestine. Lundsgaard (19335) found that a 
concentration of 2 x 10-*m inhibited the absorption of a 2% solution of glucose 
by about 70%, Bruckner (1951) found some inhibition at 10-*m, and Ponz & 
Larralde (1952) found some degree of inhibition at a concentration as low as 
2x 10m. Smyth & Taylor (19555) found some inhibition at in vitro, 
and Fisher (1955) also obtained some inhibition with this concentration in vitro. 
The lowest concentration which we found to cause a measurable inhibition 
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was approx. 10-*m, i.e. 4, that found by Ponz & Larralde. A possible 
explanation of the effects we obtained with the very low concentrations of 
phlorhizin is that in our experiments all the movement of glucose would 
presumably be accomplished by active transport, the initial concentration 
being only 100 mg/100 ml. The authors mentioned above used higher con- 
centrations of glucose, so that even if the active mechanism was inhibited, 
some movement of glucose with the concentration gradient might still have 
taken place. The concentrations of phlorhizin which we have found to produce an 


effect are by far the lowest which have been shown to produce a biological action. 


The results show, in contrast to the conclusions of Kritzler & Gutmann 
(1941), that alkaline phosphatase as studied by the Gomori technique is 
inhibited by phlorhizin. The discrepancy, apart from the possible inherent 
difference between the phosphatase of kidney and intestine, is probably due to 
the reversibility of the inhibition, a fact which Kritzler & Gutmann do not 
appear to have taken into consideration in carrying out the Gomori technique. 
The lowest concentration of phlorhizin affecting the alkaline phosphatase 
reaction was 10-*m. The only studies of phlorhizin on intestinal phosphatase 
are those of Ponz & Larralde (1952), who found slight inhibition of the phos- 
phatase of autolysed intestine with a concentration of 2x 10-*m. Inhibition 
of renal phosphatase by phlorhizin has been shown by Lundsgaard (19332) 
with 2 x 10-*m, by Walker & Hudson (1937) with 5 x 10-*m and by Marsh & 
Drabkin (1947) with 10-*m. Beck (1942) found only slight inhibition with 
10-*m. Our results show that inhibition of absorption is caused by a con- 
centration of phlorhizin about 1000 times less than that causing inhibition of 
phosphatase, and this difference makes it seem unlikely that phlorhizin exerts 
its action on intestinal absorption of glucose by inhibiting alkaline phosphatase. 
This is in agreement with the views of Lundsgaard (1935) and Ponz & Larralde 
(1952). Our results, however, show a much greater difference between the 
concentrations of phlorhizin inhibiting glucose absorption and alkaline 


phosphatase than has hitherto been recorded. 


While the results suggest that phlorhizin does not cause inhibition of 


glucose absorption by inhibiting alkaline phosphatase, they do not rule qut the 


possibility that alkaline phosphatase plays a part in glucose absorption. As has 
been suggested, phlorhizin may act at more than one point in the reactions 
related to glucose transfer, and the concentration which affects the most 
sensitive of these will be the one which inhibits glucose absorption. There may 
obviously be other phlorhizin-sensitive mechanisms involved in another stage 
of the physiological process. In order to eliminate the possibility of alkaline 
phosphatase playing a part in glucose absorption it would be necessary to find 
a substance which inhibits alkaline phosphatase at a lower concentration than 
that in which it inhibits glucose absorption. 

Shapiro (1947) found that a much lower concentration of phlorhizin 
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(2-5 x 10-*m) than that required to inhibit alkaline phosphatase would inhibit 
creatine phosphorylation in vitro, and he believed that the main action of 
phlorhizin was in interfering with the production of high-energy phosphate 
bonds. Smyth & Taylor (19556) suggested a similar mode of action for 
phlorhizin, and it is certainly possible that phlorhizin produces its effect in 
this way rather than by its effect on alkaline phosphatase. Phlorhizin would 
thus seem to be a secondary inhibitor rather than a primary one in the sense in 
which these terms are used by Wilbrandt (1954). 

The findings on the relative effects of phlorhizin and phloretin are of interest. 
Bach (1939) found that phlorhizin and phloretin had very different effects on 
carbohydrate metabolism in the liver. Lambrechts (1936a) found that 
phloretin was a little less active than phlorhizin in producing glycosuria. 
Kalckar (1936) found that phloretin was three to four times as active as 
phlorhizin in inhibiting kidney phosphatase, and Wilbrandt (1950) found that 
phloretin was more active than phlorhizin both in preventing the transport of 
glucose across the red cell membrane and in inhibiting phosphatase. Our 
results are in direct contrast to those of Wilbrandt and of Kalckar, as we found 
that phlorhizin is more active than phloretin in inhibiting both glucose trans- 
port and alkaline phosphatase. 

In our experimental conditions phlorhizin did not inhibit water absorption. 
This is in contrast to the inhibition of water absorption by phlorhizin shown 
by Smyth & Taylor (1955) in the intestine in vitro and confirmed by Fisher 
(1955). At present no explanation of the difference in the action of phlor- 
hizin in vivo and in vitro can be offered. The mechanism of absorption of water 
is almost certainly a complex process, physical factors such as osmotic 
pressure playing a role in addition to whatever part may be played by an 
active process; it is not entirely surprising that a preparatidn should behave 
in vitro in some respects differently from the more physiological preparation in 
vivo. 

SUMMARY 

1. A technique has been described for the study of absorption of water and 
solutes in the rat intestine with intact blood supply. 

2. Phlorhizin inhibits glucose absorption from the intestine over a range of 
concentrations from 10-* to 10-*m. There is evidence that more than one 
process may be affected by phlorhizin. 

3. Phlorhizin does not inhibit absorption of water in vivo. 

4. Phlorhizin inhibits intestinal alkaline phosphatase over a range of 
concentrations from 10-* to 10-®m. 


5. Phlorhizin inhibitior. of glucose absorption from the intestine is probably 
not due to inhibition of alkaline phosphatase. 

6. Phloretin is much less effective than phlorhizin in inhibiting intestinal 
glucose absorption and intestinal phosphatase. 
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EXPLANATION OF PLATE 
Duodenal villi: Gomori cobalt sulphide technique. 

Fig. 1. Intense reaction for alkaline phosphatase in the apical cytoplasm, the supra-nuclear 
Golgi zones and along the entire length of the striated border. 

Fig. 2. Some inhibition of the reaction for phosphatase; compare with fig. 1. Note the loss of 
reaction in the Golgi zones and in the striated border at the base of the villus. 

Fig. 3. Substantial inhibition of reaction; the lower one-third of the striated border, the Golgi 
zones and the apical cytoplasm give a negative reaction. 

Fig. 4. Complete inhibition of reaction; only small scattered areas of the striated border show 
any reaction for phosphatase; compare with fig. 3. 
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| THE EFFECTS OF OSMOTIC PRESSURE CHANGES ON THE 
SPONTANEOUS ACTIVITY AT MOTOR NERVE ENDINGS 


By E. J. FURSHPAN* 
From the Department of Biophysics, University College London 
(Received 19 July 1956) 


Fatt & Katz (1952) described a particularly striking effect on the frequency of 
the spontaneous miniature end-plate potentials (e.p.p.’s) of frog muscle, which 
resulted from changing the osmotic pressure of the external fluid. In one 
experiment, for example, a 50% increase in osmotic pressure resulted in a 
_ 45-fold rise in the frequency of the random potentials. A converse experiment 
was cited in which a 50% decrease in osmotic pressure reduced the frequency 
by a factor of more than 30. | 
Since the normal e.p.p. may be considered as a large, synchronized burst of 
miniature e.p.p.’s evoked by the nerve impulse (del Castillo & Katz, 1954 a, 5), 
the study of an agent which induces large changes in the frequency of these 
random discharges was of interest. The nature of this osmotic effect has so far 
remained obscure, and in the present experiments an attempt has been made to 
determine if its size and time course are related to properties of the solute 
molecules and to the permeability of the nerve endings. The procedure was, 
therefore, to increase the molarity of the external fluid by adding substances 
like glycerol and ethanol, which are known to penetrate cell membranes 
| easily, or alternatively like sucrose which may not penetrate at all (cf. Over- 
ton, 1902). 
METHODS 
Intracellular recording from the end-plate regions of fibres of the m. ext. long. dig. IV of frogs 
(R. temporaria) was used in all experiments (Fatt & Katz, 1951; del Castillo & Katz, 1954a). The 
nerve-muscle chamber was fitted with a convex lens across which the muscle was lightly stretched. 
This arrangement served to restrict the movement of muscle fibres which accompanied draining 
and refilling of the chamber. Thus, in some experiments it was possible to change the bathing 
fluid several times without withdrawing the microelectrode. In most experiments, however, 
readily identifiable fibres were chosen and the microelectrode was removed during changes of the 
fluid. Fibres having low initial frequencies of spontaneous potentials were selected for most 
experiments to facilitate counting experimentally increased rates and to reduce the error due to 
coincident potentials, 
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All solutions contained prostigmine, 10-* g/ml. In some experiments the calcium concentration 
of the Ringer’s solution was reduced and magnesium was added, equal alterations being made to 
both the isotonic and hypertonic solutions. The sodium concentration was then altered to maintain 
the appropriate tonicity. The normal isotonic solution contained 116 mm-Na, 2-1 mm-K, 1-8 mm-Ca 
and 121-7 mm-Cl. The osmolarity of this solution is 0-225, and percentage changes in osmotic 
pressure refer to this value. NaCl, sucrose, glycerol and ethanol were the solutes employed for 
increasing osmotic pressure. 

RESULTS 
Effects on the frequency of the miniature e.p.p.’s 

NaCl and sucrose. No difference was discernible in the present experiments 
between the effects of sucrose and NaCl, if equal increments in the osmolar 
concentrations of each were employed. The results obtained with these two 
solutes will be presented together. There was, however, sufficient variation 
within and between experiments to have disguised small disparities: Fig. 1 
(circles) shows the results of an experiment in which the external fluid was 
replaced by one made 25°% hypertonic by the addition of sucrose (to a sucrose 
concentration of 0-056 m). The change from isotonic to hypertonic solution was 
made at zero time and the return to isotonic fluid took place 68 min later. 
Within 5 min of the increase in tonicity, the miniature e.p.p. frequency had 
increased by a factor larger than 10 and remained at the higher level for over 
an hour. The return to isotonic solution was followed by recovery to approxi- 
mately the original frequency. In most cases, however, the ‘hypertonic 
frequency’ did not remain as constant as this. ‘Hypertonic frequency’ will be 
used as an abbreviation for ‘frequency of the miniature e.p.p.’s in hypertonic 
solution’; ‘isotonic frequency’ will have the corresponding meaning. 


0 0 © 530 7 
Time (min) 

Fig. 1. The effect of hypertonic solutions on the frequency of the spontaneous miniature e.p.p.’s. 

Ordinate: average frequency in number of discharges per second. Abscissa: time in minutes 
after changing to the hypertonic solution. O, test solution was 25% hypertonic with added 
sucrose; [}, A, test solution was 25% hypertonic with glycerol: the three trials were per- 
formed sequentially in the order, Cj), O, A. Solid symbols indicate isotonic medium: the 
solid circles represent the post-hypertonic control for the first glycerol trial, and the solid 
triangle the post-hypertonic control for the sucrose trial. 
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* Fig. 2a and 6 show examples of the variation in ‘hypertonic frequency’ 
that was encountered. It was in these two experiments that the largest 
changes in frequency during the test period were found. The fact that the 
variations were sometimes so large can be at least partially explained as 
follows. A given increase in osmotic pressure seems to cause the frequency to 
increase by a certain multiple rather than by a given amount. The evidence 
for this contention will be considered below; but if that is true, it will be clear 


| 
2 


Time (min) 


Fig. 2. Variations with time in the effect of hypertonic solutions on the frequency of the spon- 
taneous discharges. In both experiments (on different muscles) the test solution was 26% 
hypertonic with sucrose. Ordinates, frequency of random potentials per second; abscissae, 
time after changing to hypertonic solution. At the vertical line, in each case, the preparation 
was returned to isotonic fluid: ©, hypertonic fluid; @, isotonic fluid. 

that any incidental frequency drift will be magnified during the period of in- 

creased discharge rate in the hypertonic solution. Consideration of a particular 

case should clarify this point. In the experiments of Fig. 2a, the lowest 
frequency measured after the return to isotonic solution was over twice the 
original ‘isotonic frequency’ (11 and 4-9/sec, respectively). One might 
therefore have expected a gradual rise in discharge rate during the hypertonic 

period of as much as 100%. The observed increase was about 65%. 

If the frequencies are plotted logarithmically, a better presentation is 
obtained; for then any constant, incidental drift produces a constant slope 
without being unduly magnified during the hypertonic period. In Fig. 3 a and 
b are plotted the results from nine experiments (on eight different preparations) 
in which the test solution was 25 or 26% hypertonic, using NaCl — 


100 a 
¥ 80 

— 
4 
20 
-10 0 10 


692 7 E. J. FURSHPAN 


The ordinates are the logarithm of the ratio of discharge frequency (/) to the 
initial ‘isotonic frequency’ (f,); the abscissae, time in minutes. The initial 
controls in isotonic solution are not given since the value on the ordinate for 
each of them is zero. In Fig. 3b are shown the post-hypertonic control values 
for those experiments in which measurements were successfully made after 
returning to isotonic medium. The actual time at which the preparation was 
returned to the isotonic fluid is not shown but is given in each case as t=0. 


14h @ A 
12 o* 2 © ‘Sucrose hypertonic b 
Q Sucrose isotonic 
os Vv 
06 Vv Vv a 
0-4 
0-2 Be x 
nh i i i | 0 
ot Time (min) “we Time (min) 
o 06 Glycerol hypertonic 
0-4 Vv 


Time (min) 

Fig. 3. Composite results of fourteen experiments, Ordinates, log ratio of discharge frequency to 
initial ‘isotonic frequency’; abscissae, a and c, time in minutes after the change to hypertonic 
solution; 5, after return to isotonic medium. a, nine experiments in which sucrose or NaCl 
was used to make the test solution 25 or 26% hypertonic; b, post-hypertonic controls for 
seven of the nine experiments shown in a. The actual time at which the preparation was 
returned to isotonic solution is not shown, but is given in each case as zero time. In four of 
the experiments in a and 6 (solid symbols), both control and test solutions contained 
1-35 mm-Ca and 5-8 mm-Mg. c, test solution 25% (O, A) or 50% (& YW 7) hypertonic 
with glycerol. 


The use of the ratio f/f, simplifies comparisons between experiments and 
permits a test of the idea that a given hypertonicity multiplies the discharge 
frequency by a certain factor. The scatter of f/f, is large when measured at 
times after the application of the hypertonic solution greater than about 15 min. 
Values range from 4-1 to 26. If, however, one makes the comparison at some 
earlier time, there is considerable constancy among the different experiments. 
Measured within the period 5-10 min after the change to hypertonic solution, 
the values of f/f) were between 11 and 14 in seven of the nine experiments. (In 
the other two f/f, was in the vicinity of 20.) This degree of variation may be 
compared with the 27 times range of the initial ‘isotonic frequencies’ ( f,), from 
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0-18 to 4-9/sec. The increased scatter in f/f, at later times might be expected, for 
the chances of incidental disturbance must increase as time goes on. The 
presence of such incidental variations would not be surprising since the 
frequency of the miniature e.p.p.’s is quite labile, being considerably affected 
by such factors as temperature, stretch on the muscle, mechanical irritation 
and polarization level of the nerve endings. It may also be mentioned that on 
repetition of the experiment (A) more consistent results were obtained on the 
end-plate which showed the largest deviation from the others (v7). Thus it seems 
reasonable to conclude that this osmotic phenomenon involves a mechanism 
which, in effect, roultiplies the ‘isotonic frequency’ by a certain factor. 

A few additional experiments were made with other concentrations of NaCl 
and sucrose. In an experiment with 13% hypertonic solution (sucrose), all 
six values of ‘hypertonic frequency’ (over a period of 50 min) fell within 
4x(f>+18..). In several experiments 50% hypertonic solutions were used 
and initial values for f/f, in the vicinity of 40-50 were obtained. These figures 
are not very reliable, however, since the counting error was large at these high 
frequencies and the subsequent time course of the effect was quite variable. 
Summarizing the results with NaCl and sucrose, a 25°% increase in osmotic 
pressure typically evoked a 10-15 times increase in discharge frequency. 
Furthermore, although quite large variations were found in the ‘hypertonic 
frequency’, the latter always remained considerably above the original 
‘isotonic frequency’ throughout the test period. 

Glycerol and ethanol. The results were quite different, however, when either 
glycerol or ethanol was the added solute. In Fig. 1, the upper curve was 
obtained with sucrose, and the two lower curves ((], A) show the effect of 
adding glycerol. The three trials were made on the same end-plate, one with 


glycerol being made before, and one after, the sucrose trial. In each case the 


osmolarity of the test solution was 0-281 (25% hypertonic). In three other 
experiments, using test solutions made 50° hypertonic with glycerol, similar 
results were obtained. In each of them, after reaching a value of 4-6 during 
the first 2 min in the hypertonic solution, f/f, fell to less than 2 in about 10 min. 
After about 15 min, values of f/f, were all within the range of 0-85-1-3, and no 
single value was significantly different from unity. The five glycerol trials are 
represented in the semilogarithmic plot of Fig. 3c. 

Several experiments were also made using ethanol to increase the osmotic 
pressure of the Ringer’s solution. In three successful experiments (using 27, 
50 and 55% hypertonic media) f/f, was not significantly different from unity 
within 5 min of the introduction of the test solutions. In several other experi- 
ments, maintained, or steadily increasing, augmentations in the discharge rate 
were observed in the ethanol solutions. In these cases, however, the frequency 
either failed to decrease upon returning to the isotonic solution, or this control 
value was not successfully obtained. 
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Effects on the size (quantum content) of the e.p.p. 

In view of the large increase in spontaneous discharge frequency evoked by 
hypertonic NaCl and sucrose solutions, several experiments were made to 
determine if a corresponding increase in the size or quantum content (del 
Castillo & Katz, 1954a) of an e.p.p. response to a nerve impulse could also be 
detected. In Table 1 the results of five such experiments are shown. The test 
solution in each case was 25%, hypertonic. NaCl was the added solute in the 
first two experiments, sucrose was used in the last three. The Mg and Ca 
concentrations of the solutions were adjusted to give small values for m (the 
numbers of ‘quanta’ in the e.p.p.; del Castillo & Katz, 19544), the adjustments 


Taste 1. The effect of hypertonic solutions on the average size and quantum content 
of the end-plate response to nerve stimulation (mean + 8.5.) 
All test solutions 25% hypertonic, by the addition of NaCl in expts. 1 and 2, and of sucrose in 
expts. 3-5. Expts. 4a and b were performed on the same fibre. 


Isotonic Hypertonic 
of €.p.p. Size of e.p.p. 
Expt. (mV) m (mV) m 
1 4-4540-35 3-01+0-61 4-20 + 0-50 3-044 0-42 
2 3-67+0-18 10-4 +0-79 4-06 + 0-24 99 +0-76 
3 2-69 + 0-16 4-07 +0-30 2-49 + 0-20 4-0140-38 
4a 3-86 + 0-28 3-30 + 0-25 3-60+0-19 3-79 + 0-26 
4b 3-22 +0-23 3-014 0-28 3-394 0-30 3-49 + 0-38 
5 2-64 +4 0-25 3-72+0-41 2-84+40-21 4-58+0-41 


being identical for both test and control solutions in any one experiment. The 
values of m were obtained by dividing the mean amplitude of the e.p.p. 
response by the mean amplitude of the spontaneous discharges, as measured in 
each solution. None of the differences, either between the amplitude of the 
e.p.p.’s or between the values of m, as determined in the two solutions, is 
statistically significant. It should be observed, however, that the s.z. given 
after each value is rather large. This is in part due to the wide fluctuation in 
the size of the e.p.p. observed at low values of m (del Castillo & Katz, 19542). 
Thus, any small changes in m evoked by the hypertonic solutions would not 
have been detected. It is clear, however, that any change which may occur 
must be very much smaller than the concomitant change in the frequency of 
the spontaneous potentials. The frequency increased by a factor of 10-15, 
whereas the average change in m for the five experiments was an increase of 
about 8%. It might be objected that the use of solutions with added Mg and 
reduced Ca could have prevented any large effect of increased osmotic pressure 
on the value of m. While this cannot be ruled out, it can be shown that similar 
alteration in these ions has no appreciable effect on the osmotic increase in 
spontaneous discharge rate. In four of the nine experiments represented in 
Fig. 3a and 6 (solid symbols), both isotonic and hypertonic solutions con- 
tained of the normal amount of Ca and 5-8mm-Mg. Inaddition, one experiment 
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was performed using solutions with half the normal Ca and 14 mm-Mg. A value 
of f/fy greater than 10 was still obtained in this case with a 25% hypertonic 
test solution (sucrose). | 
DISCUSSION 

The large augmentation of the frequency of the spontaneous miniature e.p.p.’s 
evoked by disproportionately small increases in osmolarity (using NaCl and 
sucrose) has been verified, and found to be fairly reproducible and reversible. 
With considerable variation among experiments, the average tendency was 
for the high frequency to be maintained or to fall slightly during hypertonic 
test periods ranging from 19 to 72 min, but only if sucrose or NaCl was the 
added solute. The comparatively small and transient effects seen during the 
application of glycerol and ethanol can readily be explained by assuming that 
these molecules enter the nerve terminals much more rapidly than sucrose or 
NaCl. That this is a reasonable assumption is, of course, supported by similar 
conclusions on the relative permeabilities of many cells to these substances 
(cf. Heilbrunn, 1952). The difference between the effects obtained with the two 
pairs of solutes indicates that the frequency increase depends upon permeability 
and probably on a volume change of the nerve terminals or of some structures 
within them, rather than, for example, on an increased rate of collision between 
non-specific solute molecules and the surface membranes of these structures. 
Further, it shows that the method employed is a feasible one for measuring the 
relative permeabilities of the motor nerve terminals to certain substances. 

Perhaps the most interesting aspect of the increase of discharge rate in 
hypertonic solutions is its magnitude. A 40-50-fold rise in frequency resulted 
from increasing the osmotic pressure by 50%; and one can estimate that a 
5-10 °% increase in osmotic pressure would double the discharge rate. There is 
not enough known of the anatomical basis of the quantal release of ACh to 
give a satisfactory explanation of this phenomenon, but certain types of 
speculation can be rejected. For example, suppose that some species of 
molecule, A, in solution within the nerve terminal must collide with an ACh 
quantum in order to release the latter. Then the osmotic loss of water from the 
_ terminal would increase the concentration of both A and the ACh quanta and 
raise the frequency of collisions. Such a mechanism would be insufficient, by 
itself, to explain the observed magnitude of the frequency increase, however. 
Even if half the internal water were lost from the nerve terminal (which would 
happen with an ideal osmometer in a 100% hypertonic solution), the fre- 
quency would tend to increase only by a factor of 4. 

There is a type of mechanism which would allow very large frequency 
increases to occur, limited only by the number of available ACh quanta. 
Suppose that some property of the ACh release unit must have a value above a 
certain threshold in order for the unit to escape. Then if changes in osmotic 
pressure were to alter either the threshold level or the mean value of the 
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specified property within the population of units, large numbers of the latter 
could then become available for release. The postulated property, for example, 
could be the diameter of a particle containing the ACh quantum (see del 
Castillo & Katz, 1956) and the threshold, the size of pores in the membrane. 
If the particles were bounded by semipermeable membranes, their variation in 
size with changes in osmotic pressure would be in the proper direction to 
explain the frequency increase in hypertonic solutions. 

Another type of explanation might be sought in relation to the small rise in 
the resting potential of the motor nerve fibres which is to be expected in 
hypertonic solutions, owing to the effective increase in the concentration of 
internal K ions. This idea depends upon the observation that polarization of 
the nerve terminals can influence the spontaneous discharge rate (del Castillo 
& Katz, 1954c). The explanation seems unlikely, however, in view of several 
points of difference between the polarization and osmotic effects. Whereas a 
decrease in osmotic pressure reduces the discharge frequency (Fatt & Katz, 
1952), either cathodic or anodic polarization (of sufficient intensity) evokes an 
increased rate of firing. The increase in discharge frequency accompanying 
cathodic polarization is inhibited by added Mg, but the osmotic increase in 
frequency seems not to be. The anodic polarization effect is apparently of 
quite a different character from the osmotic increase in firing rate, occurring 
quite suddenly and in bursts as the current strength was increased. Further- 
more, the anodic effect was associated with a ‘facilitation’ of the e.p.p. 
response which, again, is not the case with the osmotic phenomenon. It 
seems as if the osmotic effect operates at a place in the pre-synaptic apparatus 
different from the site of action of polarizing currents. 


SUMMARY 


1, The effect was studied of increases in the osmotic pressure of the external 
fluid on the frequency of the spontaneous miniature end-plate potentials and 
on the size of e.p.p. responses at frog end-plates. 

2. Several solutes were used to raise osmotic pressure. With sucrose or 
NaCl large, prolonged increases in the frequency of the random discharges 
were observed. A 25% increase in osmotic pressure typically evoked a 
10-15-fold rise in discharge rate. The factor of increase tended to fall within 
these limits, although the initial rates observed in Ringer’s solution varied 
over a 27-fold range. 

3. When glycerol or ethanol were the added solutes, the increase in osmotic 
pressure produced only small and transient rises in the frequency of the 
miniature ¢.p.p.’s. 

4. No corresponding increase in the size or quantum content of €.p-Pp. 


responses was observed when NaCl or sucrose was added to the Ringer's 
solution. 
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THE AFTER-EFFECTS OF REPETITIVE STIMULATION ON 
MAMMALIAN NON-MEDULLATED FIBRES 
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(Received 19 July 1956) 


Brown & Holmes (1956) have recently studied the after-effects of activity on 
the electrical responses of mammalian C fibres. The main effect which they 
found was that shortly after a brief period of repetitive stimulation there was 
an enhancement in the height of the recorded monophasic action potential, 
which sometimes increased threefold. The increase was attributed to an 
increase in the amplitude of the spike potential in each individual nerve 
fibre, and was thought not to be caused to any great extent by the increase in 


the size and extent of the slow after-potentials which also occurred, a possi-— 


bility put forward by Gasser (1950). The enhancement of the recorded spike 
which was shown by Brown & Holmes to be characteristic of all groups of 
non-medullated fibres conducting at less than 1 m/sec, is best obtained under 
the right conditions of temperature and frequency and duration of stimulation ; 
but even then the effect in nerves in vitro is often small or absent. The present 
experiments deal with the nature of the effect. 


METHODS 


Adult lop-eared rabbits were anaesthetized with urethane given as a 25% solution into the 
marginal ear vein (1-6 g/kg). About 50 mm of the cervical sympathetic trunk was removed from 
the animal and cleaned under a high-power ( x 25) dissecting microscope; all connective tissue was 
removed and occasionally the trunk or one of its small subdivisions was desheathed. In a few 
experiments the hypogastric nerve was used instead of the cervical sympathetic trunk: the 
results obtained with this nerve were so similar to those obtained with the cervical sympathetic 
trunk that they will not be dealt with separately. 

In the earlier experiments most of the fibres of the desheathed nerve were cut away so that 
only a small bundle of fibres remained whose cross-section was about ys — x$5 of the original area of 
the trunk. Such a bundle was mounted in the apparatus described by St&émpfli (1954) and in more 
detail by Straub (1956), so that it lay in two pools of Locke’s solution which were separated by a 
third insulating pool of isotonic sucrose solution. A pair of non-polarizable electrodes, dipped one 
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each in the two pools of Locke’s solution, recorded the potential difference between one Locke— 
sucrose interface and the other. Cocaine hydrochloride or KCI was added to one pool of Locke’s 
solution in @ concentration sufficient to block conduction so that the action potential was re- 
corded monophasically; in the later experiments neither drug was added, as conduction 
block ocourred anyway because of the absence of sodium in the sucrose. This technique has the 
advantage that such high resistances are produced in the external fluid near the recording region 
that, at least for medullated fibres, almost the full value of the membrane potential is recorded 
(Stampfli, 1954); and because of the relatively small number of fibres in the preparation, the 
recorded potential can be easily related to the actual transmembranal changes. In some of these 
early experiments a slightly different technique was used where the two pools of Locke’s solution 
were separated by an insulating air gap instead of by the sucrose pool (Tasaki & Mizuguchi, 1948). 
Stimuli were applied to the nerve through a pair of wire electrodes in one of the pools. 

In the later experiments the whole nerve trunk, a subdivision or a desheathed bundle was 
mounted on platinum wire electrodes for stimulation and recording, and immersed in a bath of 
light liquid paraffin at a pre-set temperature. A small drop of a 10% (w/v) solution of cocaine 
hydrochloride was applied to the distal recording electrode to make the action potential mono- 
phasic. The temperature of the paraffin was measured by means of a thermocouple. The paraffin 
was previously equilibrated with Locke’s solution to prevent dehydration of the nerve and was 
continuously bubbled throughout the experiment with a mixture of 5% CO,, 95% O,. 

The composition of the Locke's solution used was: NaCl, 170mm; KCl, 5-6 mm; CaCl,, 2-2 mm, 
NaHCO,, 1-8 mm; glucose, 5-6 mm. The potentials in the nerve were recorded with low grid current 
cathode followers and a direct-coupled amplifier. The electronic stimulator used had an RF 
output unit (Schmitt, 1948) to isolate the stimulus from earth and minimize stimulus artifact. 


RESULTS 
Experiments on small bundles of fibres 


Experiments were done on small desheathed bundles of fibres, for in such 
preparations it is more easy to relate the potential changes as recorded to those 
actually occurring across the membrane of individual fibres. 

To begin with, the technique using the sucrose insulator was used because it 
was hoped to study the effect of ions on the enhancement of the spike which 
we expected previous activity to produce, and this technique is very suitable. 
However, in such preparations, in which only a small fraction of the total 
number of non-medullated fibres of the nerve was left, the C potential evoked 
by a single maximal shock 1 sec after the end of a 10 sec burst of stimulation 
at a frequency of 15 or 50 shocks/sec was only slightly bigger than that of the 
control response elicited shortly beforehand; the negative after-potential was, 
however, greatly increased (Fig. 1). 

Similar experiments to test the effect of previous activity were done with 
the use of the technique of Tasaki & Mizuguchi (1948), where the potential 
difference was recorded between two air-Locke’s solution interfaces. When 
small nerve bundles were used the results obtained with this technique were 
the same as those obtained with the first technique; previous stimulation 
increased the extent and duration of the negative after-potential but had. 
scarcely any effect on the amplitude of the spike. The advantage of the air-gap 
technique was that after the effect of previous activity had been tested 
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on a small bundle of fibres it could be tested on the whole parent nerve by 


altering its position in the air gap. When this was done it was found that prior 
activity did increase amplitude of the spike recorded from the whole nerve as 
well as that of the negative after-potential. Thus in a typical experiment an 
enhancement of the spike amounting to 70%, was obtained 2 sec after the end 
of a 10 sec burst of stimulation at a frequency of 50 shocks/sec when recording 
from the whole nerve, whereas when recording from a small bundle a few 
millimeteres lower down the nerve a short while beforehand, only a 12°, 
enhancement had been obtained after a similar burst of activity. 


| aby — 


Fig. 1. Records of the compound action potential from a small desheathed bundle obtained from 
a rabbit’s cervical sympathetic trunk. The main component is derived from non-medullated 
fibres, the other component, the small B potential, being just visible soon after the stimulus 
artifact. The top record was taken before and the bottom 1 sec after a 10sec period of 
repetitive stimulation at a frequency of 15 shocks/sec. Temp. 36° C. Time 20 msec. 


Experiments on the whole nerves bathed in liquid paraffin 


We were surprised that we never found any enhancement in the experiments 
described above, where apparently refined techniques for recording nervous 
activity were used. We therefore abandoned these techniques and used the 
more conventional method where the whole nerve, or one of its small sub- 
divisions, was mounted on platinum stimulating and recording electrodes in a 
bath of liquid paraffin. 

We first of all showed that the absence of the effect on the small desheathed 
bundles was not caused by the desheathing procedure by testing the effect of a 
period of repetitive stimulation on a cervical sympathetic trunk which had 
been fully desheathed and then mounted on the platinum wire electrodes. 
Records from such an experiment are shown in Fig. 2 and demonstrate that a 
large enhancement of spike amplitude does occur in a desheathed nerve 
(about 80% in this experiment). 

This figure also illustrates a characteristic feature of all our experiments, 
namely, that repetitive stimulation, whether it produced an enhancement of 
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spike height or not, always caused, as previously noted by Brown & Holmes 
(1956), the appearance of a large, long-lasting negative after-potential. During 
this experiment the effect of a standard period of stimulation (10sec at 
50 shocks/sec) was tested about 2 sec afterwards several times over a period 
of about an hour. The enhancement at this time varied between 50 and 80% in 


. the individual tests. It was noted that the magnitude of the negative after- 


potential also varied, being greatest when the enhancement was greatest and 
smallest when the enhancement was smallest. The relationship between the 
spike enhancement and the negative after-potential is illustrated in Fig. 3. 


nN 
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Fig. 2 Fig. 3 
Fig. 2. Records of the action potential from the non-medullated fibres in a small desheathed 
bundle obtained from a rabbit’s cervical sympathetic trunk. Record a was taken before and 
records b-f taken 2, 5, 10, 15 and 24 sec after the end of a 10 sec burst of repetitive stimula- 
tion at a frequency of 50 shocks/sec. At the extreme left of each record a small B potentia 
can be seen. Temp. 30° C. Time 20 msec. 


Fig. 3. The relationship between the enhancement of the action potential and the size of the 
negative after-potential produced by stimulation of the non-medullated fibres in the rabbit’s 
cervical sympathetic trunk for 10 sec at a frequency of 50 shocks/sec. Temp. 30°C. Same 
nerve bundle as for Fig. 2. 


The three open circles were obtained in three successive tests under identical 
experimental conditions 2 sec after the end of repetitive stimulation. The 
closed circles refer to records obtained in the same tests but at various later 
times during the first minute after the tetanus. The after-potential was 
measured at a time when all-the rapid spike component was gone, in this 
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experiment 20 msec after the beginning of the C potential. Both the open and 
the closed circles give the same, nearly linear telationship. 

Brown & Holmes (1956) had considered the possibility that the post-tetanic 
enhancement of the action potential in the C fibres might be caused by each of 
the later spikes summing with the negative after-potentials of the earlier 
spikes of an asynchronously discharging group of fibres, and did a large number 
of experiments to test it. They tentatively rejected this explanation, deciding 
that it would not account for more than a small proportion of the observed 
enhancement. The close relation between the height of the after-potential and 
the enhancement, which we repeatedly observed, led us to re-examine this 
question. 

We reasoned that if asynchronous firing of fibres possessing large negative 
after-potentials was really the cause of the increase in the recorded spike 
(Gasser, 1950), then any condition which increases this asynchrony should 
tend to increase the effect. One such condition is an increase in the distance 
between the stimulating and recording electrodes, where the greater asyn- 
chrony is caused by the greater temporal dispersion of the activity in the 
individual fibres. We therefore tested the effect of a standard burst of repetitive 
stimulation (10 sec at 50 shocks/sec) at a standard time (1-7 sec) after the 
burst had ended, for various distances between the stimulating and recording 
pairs. The records of the action potentials in Fig. 4, obtained with distances 
of 4, 10 and 30 mm, show that the effect of previous activity clearly depends 
on the conduction distance. At 30 mm distance a 95% enhancement was 
obtamed as compared with an enhancement of only 11% at the shortest 
conduction distance. Fig. 5, which is from the same experiment as Fig. 4 and 
in which the enhancement is plotted against the conduction distance, shows 
that within wide limits the effect is directly proportional to this distance. It 
would have been difficult to determine directly the enhancement obtained 
with a conduction distance of zero and consequently no dispersion; but by 
extrapolation of the line in Fig. 5 it would have amounted to only about 
10%. 

Many of our failures to obtain an enhanced action potential in the previous 
experiments can be accounted for by the fact that the conduction distance 
was small, But on many occasions a large enhancement was obtained even 
with a relatively small conduction distance, and temporal dispersion apparently 
excluded. Such records (Fig. 6) always showed two or more distinct C eleva- 
tions which were not due to temporal dispersion caused by difference in 
conduction velocity because they did not separate out as the conduction 
distance increased ; they were almost certainly caused by the excitation of the 
different groups at different places or times. The net effect was the same as 
when temporal dispersion occurred, viz. the spikes of one group of fibres 
summed with the negative after-potentials of the other groups of fibres. 
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In some preparations there was, for an unknown reason, little temporal 
dispersion. These showed only a slight enhancement of the action potential 
even with long conduction distances. In one such preparation, illustrated in 
Fig. 7, one shock was applied through a pair of electrodes near the recording 
pair and another shock through a pair 28 mm away and at a time of about 
} sec later. The fact that the response with the longer conduction distance was 
only about 25% less than that with the shorter distance indicates the absence 
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between stimulating 
—* recording electrode (mm) 
Fig. 4 Fig. 5 

Fig. 4. Records of the compound action potential of the rabbit’s cervical sympathetic trunk. The 
records on the left were taken before, and those on the right 1-7 sec after the end of, a 10 sec 
period of repetitive stimulation at a frequency of 50 shocks/sec. Each pair of records was 
taken with the same distance between the stimulating cathodal electrode and the nearer 
recording electrode. The number at the side of each pair indicates this distance in milli- 
metres and the number in brackets is the percentage enhancement in the amplitude of the 
C potential produced by the prior activity. Temp. 35° C. Time 20 msec. 

Fig. 5. The relationship between the conduction distance and the enhancement of the action 
potential of the non-medullated fibres of the rabbit’s cervical sympathetic trunk obtained 
1-7 sec after the end of a 10 sec period of repetitive stimulation at a frequency of 50 shocks/ 
sec. Same experiment as in Fig. 4. 


Fig. 6. Records of the action potential of the non-medullated fibres of the isolated rabbit's 
cervical sympathetic trunk. In these records the action potentials of the medullated fibres 
are lost in the stimulus artifact. The record on the left is taken before, and that on the right 
1-7 see after, the end of a 10 sec period of repetitive stimulation at a frequency of 50 shocks/ 
sec, Temp. 37° C. Time 20 msec. 
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of any great temporal dispersion. In this experiment the responses before 
(Fig. 7a) were of much the same height as those taken 2 sec after (Fig. 7)) 
a 10 sec burst of stimulation at 50 shocks/sec. 


Fig. 7. Records of the compound action potential of the isolated rabbit's cervical sympathetic 
trunk. In each record the nerve was stimulated through two pairs of electrodes 28 mm apart 
and at an interval of about } sec. The upper record (a) was taken before, and the lower record 


(b) 1-7 sec after, the end of a 10 sec period of repetitive stimulation at a frequency of 50 shocks/ 
sec. Temp. 35° C. Time 20 msec. 


The effect of an externally applied hyperpolarizing current 

Hyperpolarization of the nerve with external currents is known to increase 
the negative after-potentials. According to Graham (1942) this increase is 
particularly pronounced in non-medullated fibres. We therefore compared 
the action potential of C fibres of the cervical sympathetic trunk taken 
immediately before, and 15 sec after, switching on a long-lasting current 
through another pair of electrodes near the recording pair. Fifteen seconds is 
probably much longer than is necessary to produce the effect, but the whole 
procedure could not be done manually in a shorter time. The polarizing current 
used was about 0:5 1A, which is much smaller than that used by Brown & 
Holmes (1956) and Graham (1942). But since our preparations were thoroughly 
stripped of connective tissue, and there was only a thin film of Locke’s solution 
surrounding the nerve, more of this current penetrated the fibres in our 
experiments than in those of Brown & Holmes, who used nerves with an intact 
blood supply, which were of necessity not so completely cleaned of connective 
tissue. The records obtained are shown in Fig. 8. With large conduction 
distances a large increase in the spike height. occurred and there was also a 
large negative after-potential; but with small conduction distances there was 
little increase in the spike height and only a small negative after-potential. 
Fig. 9 shows how the amplitude of the action potential varied with the 
distance between the stimulating and recording pairs. 
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Fig. 9 


trunk. The records on the left are taken before, and those on the right during, a period of 
hyperpolarization with an external current of 0-5 uA. Each pair of records was taken with 
the same distance between the stimulating cathodic electrode and the nearer recording 
electrode. The number at the side of each pair indicates this distance in mm and the number 
below in brackets is the percentage enhancement in the amplitude of the C potential produced 
by the hyperpolarization. Temp. 32-5° C. Time 20 msec, 


Fig. 9. The relation between the conduction distance and the enhancement of the action potential 
of the non-medullated fibres of the rabbit’s cervical sympathetic trunk obtained 1-7 sec after 
the end of a 10 sec period of repetitive stimulation at a frequency of 50 shocks/sec. Same 
experiment as in Fig. 8. 


The hyperpolarization produced by repetitive stimulation 

During a period of repetitive stimulation there is a progressive depolarization 
of the nerve. At the end of this period the depolarization quickly disappears 
and is succeeded by a phase of hyperpolarization (see Brown & Holmes, 1956). 
This sequence of events is illustrated in Fig. 10, where the last shock of a 
10 sec tetanus at 50 shocks/sec triggered the time base. Fig. 11 illustrates that 
the period of hyperpolarization coincided with the period during which pro- 
longed negative after-potentials were produced. This figure consists of records 
of the monophasic action potential taken at various times during the period of 
hyperpolarization. When these records are superimposed, as in Fig. 12, it can 
be seen that the membrane potential at which the negative after-potential 
started remained constant; the amplitude of the negative after-potential was 
the difference between this critical potential, which was near the normal 
resting potential and the hyperpolarized membrane potential. The significance 
of this finding is that the negative after-potential seems to be produced because 
of the hyperpolarization and is not an independent effect. 
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Fig. 10. The hyperpolarization (downward deflexion) of the rabbit's cervical sympathetic trunk 
produced by a 10 sec burst of repetitive stimulation at a frequency of 50 shocks/seo. The last 
shock triggers the time base. The records were taken with a d.c. amplifier and the horizontal 
line is the base line taken immediately before the tetanus. Temp. 35° C, Time 20 msec. 


Fig. 11 Fig. 12 


Fig. 11. Records of the action potentials of the rabbit’s cervical sympathetic trunk, taken through 
a d.c. amplifier. The record on the extreme left was taken before, and the rest taken 1-7, 5-1, 
8-5 and 15-3 sec after, the end of a 10 sec period of repetitive stimulation at a frequency of 
50 shocks/sec. The downward displacement of the later records is a result of the hyper- 
polarization. Temp. 34° C. Time 20 msec. 


Fig. 12, Same records as in Fig. 11 superimposed. 


DISCUSSION 
The main conclusion from our experiments is that the enhancement of the 
action potential of mammalian C fibres produced by prior. activity is caused 
by the greater negative after-potential in the way described by Gasser (1950). 
When temporal dispersion occurs in a population of fibres of differing con- 
duction velocities the peak phase of the recorded spike consists partly of the 
summed effect of the spikes in the individual fibres and partly of the contribu- 
tion of the after-potentials, particularly of the faster fibres. In non-medullated 
fibres shortly after a burst of activity (see also Grundfest & Gasser, 1938) we 
are dealing with spikes of relatively short duration followed by long-lasting 
negative after-potentials. In this case when the potentials are recorded at 
some distance from the stimulating electrodes, a large part, perhaps the 
largest, of the recorded spike is due to the negative after-potential. This is 
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because dispersion only slightly affects the amplitude of the slow after- 
potentials. In other words, the more the dispersion, as a consequence, for 
example, of a greater conduction distance, the larger is the size of the recorded 
negative after-potential relative to the size of the recorded spike. A change in 
the amplitude of the recorded spike thus reflects a change in the after-potential 
rather than a change in the absolute size of the action potential. On this basis 
it is easy to account for the absence of any enhancement in the experiments 
using the sucrose and air-gap techniques, for any explanation of the effect in 
terms of temporal dispersion presupposes a fairly large population of fibres of 
different conduction velocities—and this condition may not be fulfilled in the 
experiments using the sucrose and air gaps where only a fraction of the original 
fibres are used. The hypothesis that the enhancement of the recorded spike is 
due to the summation of the after-potentials in asynchronously discharging 
fibres also accounts for the absence of the effect in nerves where little or no 
temporal dispersion occurs. It further accounts for the absence of the enhance- 
ment in nerves where a large negative after-potential is already present. 
Brown & Holmes (1956) have studied extensively the conditions under which 
enhancement of the recorded C potential occurs and have shown that the 
temperature of the nerve, the duration and frequency of stimulation are 
important factors in its production. Occasionally even when these conditions 
were optimal they failed to obtain the effect in the nerve in vitro. It is possible 
that the absence of temporal dispersion for some unknown reason accounted 
for these failures. It is interesting that they got their largest effevts with the 
slower of the C fibres; on the hypothesis we have put forward no enhancement 
should occur with the fastest fibres because during the time that the spike 
associated with these fibres is produced there can be no negative after- 
potential existing in other fibres with which to summate. The hypothesis also 
accounts for the fact that the enhancement is dependent on temperature, for 
we were able to show that although a previous tetanus (10 sec at 50 shocks/ 
sec) produced a large negative after-potential in the C fibres of the cervical 
sympathetic trunk at 35° C, the amplitude diminished with decreasing tem- 
perature and disappeared usually at about 20-25° C—at about the same 
temperature at which Brown & Holmes noted the disappearance of the 
enhancement. A similar observation was also made by Erlanger & Gasser 
(1937), who showed that the amplitude of the negative after-potentials in 


_ A fibres was also decreased by decreasing temperature. 


There seemed to be a correlation in our experiments on the rabbit’s cervical 
sympathetic between the size of the effect and the size of fibre population. In 
the whole trunk, large enhancements were always obtained. The trunk usually 
subdivided into 5-7 smaller nerves which often reunited again. Usually the 
post-tetanic enhancement was obtained with one of these small nerves but 


often it was not. In the small desheathed bundles where a very small fraction 
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of the original number of fibres was left by the dissection enhancement was 
never observed. This correlation again suggests that temporal dispersion is the 
operative factor which produces enhancement of the recorded spikes. 

The experiments thus indicate that there cannot be more than a small 
increase in the absolute amplitude of the action potential. Even this increase, 
inferred by extrapolation from experiments such as that of Fig. 5, may be too 
large because the distances given along the horizontal axis are inter-electrode 
distances which are not necessarily the same as conduction distances, since 
stimulation occurs at some distance from the electrode; the error involved is 
relatively greatest at the smallest inter-electrode distances, and the curve 
relating the enhancement to the true conduction distance would certainly pass 
nearer the origin than at present if the curves could be corrected. 

There has recently been some interesting speculation concerning the increase 
in the response at an effector organ which often follows as an after-effect of 
repetitive stimulation of the nerve fibres supplying the organ. It has been 
suggested that the increased response results from an increased release of 
transmitter by the enhanced action potential (Lloyd, 1949; Brown & Holmes, 
1956). The present experiments show that there is little evidence for a real 
increase in the absolute size of the spike potential but only in the recorded 
potential. This of course does not invalidate the hypothesis of a greater 
release of transmitter but only shifts the emphasis from the spike to the after- 
potential. Little is known of the ionic fluxes during this late stage in the 
potential. 

The long-lasting hyperpolarization occurring in non-medullated axons at 
the end of a burst of activity must reflect some underlying process. A par- 
ticular point of interest is the fact that there seems to be a critical membrane 
potential at which the negative after-potential begins. Furthermore, this 
is the same potential as that at which the quick phase of the last action 
potential of a tetanus ends and the slow phase of hyperpolarization starts. 
A post-tetanic hyperpolarization is also obtained in mammalian A fibres 
(Gasser & Grundfest, 1936); and Gasser (1938) has shown that in these fibres 
there is a corresponding relation between the negative after-potential and the 
hyperpolarization which is much the same as that just described for mammalian 
C fibres. This suggests that the two phenomena, the slow phase of hyper- 
polarization and the occurrence of negative after-potentials, are caused by the 
same underlying process; and that both occur because under post-tetanic 
circumstances the membrane potential at the end of a spike returns to a 
potential greater than some critical value, and can do so only very slowly. In 
fact, it is only the initial condition of the membrane which seems to determine 
whether the result of this process is called a positive after-potential, as 
the hyperpolarization immediately following a burst of activity has been 
called (Erlanger & Gasser, 1937); or a negative after-potential, as it is usually 
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called when this hyperpolarized condition is slowly re-established after being 
transiently abolished by a spike set up during the period of hyperpolarization; 
or a negative after-potential followed by a positive one, as might be the case 
when an action potential is set up during the rising phase of the hyperpolariza- 
tion but before the hyperpolarization has reached its peak. 

The hyperpolarization observed by Brown & Holmes (1956) and by us 
might well cause some increase in spike height. The problem is to estimate how 
much. In our best experiments using Stampfli’s sucrose gap technique the 
recorded hyperpolarization amounted to about 4mV, which must be very 
near the value actually occurring across the membrane because of the high 
resistance in the external fluid. This would not only increase the action potential 
per se (if the size of the action potential is taken as the difference in the mem- 
brane potentials at the beginning and at the peak of the spike) but might also 
increase the size of the ‘overshoot’ (Hodgkin & Huxley, 1952; Weidmann, 
1955). Unfortunately, not enough is known about properties of the mammalian 
non-medullated fibres to allow any determination to be made of the size of this 
effect on the overshoot; in a mammalian Purkinje fibre it would have been at 
most 4 mV (Weidmann, 1955). The difficulty, of course, is that of relating this 
possible increase of 8 mV to the size of the action potential, for this is not fully 
known ; for the recorded changes are the same as the transmembranal changes 
for the relatively slow hyperpolarization, whereas the recorded action potential 
is smaller than the transmembranal action potential because of temporal 
dispersion. Action potentials as high as about 30 mV have been recorded 
from these mammalian non-medullated fibres under appropriate conditions 
(Ritchie & Straub, 1956), but this was recorded from a nerve bundle and must 
be taken as a minimum value of the absolute size of the spike in an individual 
fibre. There thus might be an increase of about 10%, in the action potential, 
as our present experiments in fact indicate, but the spike could never be 
doubled or trebled. The fact that in the records of Fig. 11 the potential of the 
peak of the recorded spike actually decreases does not at all invalidate the 
argument that an increase in the ‘overshoot’ occurs. For the quick phase of 
the recorded spike in a whole nerve trunk is only a small fraction of the 


absolute size of the spike, because of temporal dispersion. The recorded hyper- 


polarization, on the other hand, is unaffected by temporal dispersion. Thus, 
in the records of Fig. 11, the general downwards deflexion caused by the hyper- 
polarization predominates over any tendency towards an upwards deflexion 
of the peak of the spike which an increase in the ‘overshoot’ would cause. 
We have not done any experiments on cat’s nerves on which Brown & 
Holmes (1956) largely based their conclusion, or on dorsal root non-medullated 
fibres. We have confined our experiments to those on the rabbit’s cervical 
sympathetic trunk and have relied on the observations of Brown & Holmes 
(1956), who have shown conclusively that the property we are studying is a 
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general property of unmyelinated fibres and that, in particular, typical 
post-tetanic effects are obtained with the rabbit’s cervical sympathetic 
trunk. 

Little is known at present about the way in which the hyperpolarization is 
produced. But it would be of interest to know whether or not this hyper- 
polarization is always associated with the production of negative after- 
potentials in peripheral nerve fibres, and thus perhaps in nerve cells generally, 
for there is good reason to suppose that what will be true of nerve fibres in 
this respect will also be true of ganglion cells (Lloyd, 1939). 


SUMMARY 


1. The action potentials set up in the C fibres of the rabbit’s cervical 
sympathetic and hypogastric nerves, recorded before and just after a burst of 
repetitive stimulation, have been compared. 

2. After activity there is a large increase in the size of the recorded post- 
tetanic spike, a large increase in the extent and duration of the negative after- 
potential, and a long-lasting hyperpolarization of the nerve. 

3. The increase in the amplitude of the recorded spike is caused by the 
increased negative after-potential which, because of the asynchrony of the 
individual fibres, contributes very largely to the amplitude of the recorded 
spike. There is no evidence of any large increase in the absolute size of the 
spike potential of individual nerve fibres. 

4, The negative after-potential in turn seems to be closely associated with 
the hyperpolarization and may be caused by it. 
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THE EFFECT OF COOLING ON THE SIZE OF THE ACTION 
POTENTIAL OF MAMMALIAN NON-MEDULLATED FIBRES 


By J. M. RITCHIE anv R. W. STRAUB* 


From the National Institute for Medical Research, 
Mill Hill, London, N.W.7 


(Received 19 July 1956) 


The action potential recorded from nerves composed of non-medullated fibres 
is increased by cooling, being often nearly quadrupled by a fall from 37 to 10° C 
(Lundberg, 1948). Apart from the short-circuiting factor, there are three 
main factors which govern the size of the action potential recorded from a 
nerve trunk: (1) the amplitude of the spike in the individual fibres, (2) the 
duration of the individual spikes, and (3) the amount of temporal dispersion 
caused by the scatter in the conduction velocities of the individual fibres. 

Two hypotheses can account for the effect of cooling: the first, that cooling 
produces a real increase in the absolute size of the spike (Lundberg, 1948), and 
the second, that there is little or no change in the absolute spike height but 
that cooling causes an increase in the spike duration which is relatively greater 
than the decrease in the conduction velocity also produced by the cooling. No 
change in the recorded spike height would occur if these relative changes in 
spike duration and conduction velocity were equal. The present experiments 
provide evidence for the second hypothesis. 


METHODS 


The methods used were the same as those previously described (Ritchie & Straub, 1956). The 
isolated cervical sympathetic trunk of the rabbit was mounted on platinum electrodes for stimula- 
tion and recording and immersed in a bath of liquid paraffin. The stimuli were applied to the trunk 
through an RF stimulating unit (Schmitt, 1948); there was little stimulus artifact in the records 
even when the conduction distance was as short as 3mm. In some early experiments small 
bundles of fibres of the cervical sympathetic trunk were mounted, as in the previous experiments, 
in the apparatus described by Stampfli (1954); in this apparatus the distance between the 
stimulating electrodes and the Locke’s solution/sucrose solution interface at which the action 
potential was recorded was about 6 mm. 


* Fellow of the Swiss Academy of Medical Sciences. 
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RESULTS 


When the effect of cooling was tested on small desheathed bundles of fibres 
mounted on the apparatus described by Stémpfli (1954) the preparation lay 
in three pools of solution, two of Locke’s solution electrically insulated from 
each other by a third pool of isotonic sucrose solution ; the action potential was 
recorded through two non-polarizable electrodes dipping into the two pools of 
Locke’s solution. In such preparations cooling produced a large increase in the 
size of the monophasic action potential of the non-medullated fibres similar to 
that observed by Lundberg (1948). In the experiment illustrated in Fig. 1, 


Fig. 1. Records of the compound action potential set up in an isolated rabbit’s cervical sympa- 
thetic trunk and recorded across a sucrose gap. The main component of this record is the 
C potential derived from the non-medullated fibres. The top record was taken at a temperature 


of 30° C and the bottom at 15° C. Time 20 msec. 


where the largest component of the compound action potential was derived 
from non-medullated fibres, the C potential increased from 14 to 27 mV when 
the nerve was cooled from 30 to 15°C. In Fig. 2, which is from another 

experiment, where the amplitude of the spike is plotted on a logarithmic scale 
- &gainst the temperature, it can be seen that the logarithm of the spike height 
increases in direct proportion to the fall in temperature. 

With this method the recording resistance across the sucrose gap is extremely 
high, and any change in this resistance would have relatively little effect on the 
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spike height. Therefore, the finding of an effect of temperature with this 
method means that it is unlikely that the effect of cooling on the size of the 
recorded spike is a result of changes in the resistances in the fluid inside and 
outside the fibre. Anyway, the recording resistance across the sucrose gap is 
largely independent of the temperature changes in the Locke’s solution 
surrounding the nerve. 
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Fig. 2. The relationship between the amplitude of the spike of the non-medullated fibres of the 
rabbit’s cervical sympathetic trunk and the temperature of the nerve. The spike height is 
plotted on a logarithmic scale. 


In the next experiments the cervical sympathetic trunk was mounted on 
platinum electrodes for stimulating and recording and immersed in paraffin 
at about 25° C. The monophasic action potential produced by a single shock 
consisted of a rapidly conducted B potential followed by a distinct, much more 
slowly conducted C potential derived from non-medullated fibres. Records 
were taken with the stimulating electrodes at various distances from the 
recording pair and the amplitude of the C potential measured. The amplitude 
decreased with increasing conduction distance (solid circles Fig. 3) on account 
of the greater temporal dispersion. The open circles in Fig. 3 are from similar 
records taken at a temperature about 12° C higher. At ail conduction distances 
the action potential of the cold nerve was larger than that of the warm nerve. 
The interrupted line in Fig. 3 is the ratio of the amplitudes of the action 
potential of the cold and warm nerve plotted against conduction distance. It 
can be seen that the ratio depended on conduction distance, being greatest 
with a conduction distance of about 20 mm, when decreasing the temperature 


by 12° C more than doubled the spike height; this corresponds to a Q,, of 1-8. 


Hov 
do 
tie 
exc 
I 
me 
the 
= 
; 
10 


TEMPERATURE AND SPIKE HEIGHT 715 


- However, extrapolation shows that only a small difference (about 10 %) 


between the spikes in the warm and cold nerve would be expected at zero 
conduction distance. Even this value might be too large; for the extrapolation 
does not allow for the initial dispersion produced by the individual fibres being — 
excited at different distances from the stimulating cathode. 

In the experiment illustrated in Fig. 3, the maximum value of the ratio of 
the spike heights in the cold and warm nerve obtained when the ratio is plotted 
against conduction distance was higher than was usual. But in all our experi- 
ments the same dependence of this ratio on conduction distance was observed, 
the Q,) approaching unity with the small conduction distances. 


10r— 


Spike height (mV) 


20 
Distance between stimulating and recording 
electrodes (mm) 

Fig. 3. The relationship between the amplitude of the recorded spike of the non-medullated fibres 
of the rabbit’s cervical sympathetic trunk, and the conduction distance. The open circles 
were obtained with the nerve at 37° C and the filled-in circles with the nerve at 25° C. The 
interrupted line is the ratio of these spike amplitudes of the cold and warm nerve obtained 
at the same conduction distance. 


DISCUSSION 


The evidence of the present experiments suggests that cooling produces little 
if any increase in the absolute size of the spike of mammalian non-medullated 
fibres, but rather that the large increase in the recorded spike is caused by the 
interplay of the effects of cooling on spike duration and conduction velocity. 
This suggestion is supported by the fact that there is a maximum value to the 
curve obtained when the ratio of the spike heights in the cold and warm nerve 
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is plotted against conduction distance; for on the hypothesis that there is — 


little change in the absolute spike height, there should be little effect not only 
at zero conduction distance but also at an infinite conduction distance where 
the amplitude of the dispersed spike would be determined by that of a single 
fibre or of a group of synchronously discharging fibres. 

There is general agreement that cooling in the appropriate temperature 
range does increase the spike height of single fibres, as has been shown for the 
medullated fibres of the frog by Schoepfle & Erlanger (1941) and by Tasaki & 
Fujita (1948); and for the non-medullated giant fibre of the squid by Hodgkin 
& Katz (1949). The increase observed in these single fibres is, however, slight 
and our experiments on the whole nerve are not sufficiently precise for us to 
say whether or not such a slight increase of the spike of the individual fibres 
does occur; or if even a slight decrease occurs. Our results, however, agree 
with those obtained in the experiments on single fibres in so far as any effect of 
cooling must be small. The results obtained by Gasser (1931), who found that 
cooling caused a very large decrease, and by Lundberg (1948), who found that 
cooling caused a very large increase in the amplitude of the recorded spike, are 
probably both to be accounted for by the fact that comparison of the recorded 
action potentials of a whole nerve at two different temperatures is subject to 
considerable possible error, as already discussed by Gasser. For even if cooling 
produces no change in the spike height of an individual fibre but only produces 
the increase in the duration of the spike and the decrease in conduction 
velocity, and hence an increase in temporal dispersion, cooling would cause 
either a large increase or a large decrease in the recorded spike depending on 
whether the spike duration or the conduction velocity were the more affected. 
Lundberg’s technique was in fact biased in favour of obtaining a large increase 
on cooling, because in his experiments the cooling occurred only near the 
recording electrodes and therefore the spike duration was increased without any 
increase in the dispersion. The actual conduction distance in his experiments 
is not stated but the conduction time was about 25 msec, which would have 
been associated with enough temporal dispersion greatly to reduce the spike 
in the nerve at 37° C (Fig. 3, open circles). 


SUMMARY 


1. The action potential of non-medullated fibres recorded from the whole 
cervical sympathetic trunk of the rabbit was increased by decreasing the 
temperature. 


2. The greatest effect obtained was a 1-8 times increase in spike height for a 
fall of 10° C, | 

3. This effect of cooling depended on conduction distance and, by extra- 
polation, there was little if any increase in the spike recorded near the 
stimulating electrodes. 
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4. It is suggested that the apparently large temperature coefficient to the 
spike height is caused mainly by changes in the amount of dispersion and in 
the duration of the spike; but that there is little increase in the absolute size 
of the spike of the individual fibres. 
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CHOLINE ACETYLASE IN THE CENTRAL NERVOUS SYSTEM 
OF MAN AND SOME OTHER MAMMALS 


By CATHERINE 0. HEBB anp ANN SILVER 


From the Institute of Animal Physiology, Babraham Hall, 
Babraham, Cambridge 


(Received 25 July 1956) 


The first systematic survey of choline acetylase in the central nervous system 
was made by Feldberg & Vogt (1948). Their results on the nervous system of 
the dog have since been confirmed in a number of particulars by Zetler & 
Schlosser (1955) who, in addition, give data for the choline acetylase con- 
centration of certain parts of the human brain. In a comparable survey of the 
cholinesterases in the canine nervous system Burgen & Chipman (1951) noted 
that the ratio of the highest to the lowest brain concentration of ChEI (true 
or specific cholinesterase) is nearly 400:1, while the spread of values found 
by Feldberg & Vogt (1948) for choline acetylase gives a ratio of only 42:1. 
The difference suggests that cholinesterase is less evenly distributed in the 
nervous system than choline acetylase, but another possible explanation is 
that the method used to measure choline acetylase was not sufficiently 
sensitive to give a true quantitative estimate of the enzyme in all situa- 
tions. 

It is now known that choline acetylase requires acetyl-coenzyme A (acetyl- 
CoA) as a substrate. In Feldberg & Mann’s (1946) method used by the authors 
quoted this is generated mainly from citrate by the action of enzymes other 
than choline acetylase which are present in the tissue tested. The concentration 
of these enzymes may be too low, however, to permit formation of acetyl-CoA 
in the amounts required for full activity of the choline acetylase present; and 
it has been found that much higher rates of ACh production are demonstrable 
in some tissues of mammals and birds if they are tested in a coupled enzyme 
which ensures an adequate supply of acetyl-CoA (Hebb, 1955). 

Because of these considerations we decided to re-examine the distribution of 
choline acetylase in the nervous system of the dog. During the course of the 
investigation there was an opportunity to measure the choline acetylase of 
some samples of human brain as well. This led us to extend the study to a 
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number of other mammals so that differences in choline acetylase concentra- 
tion associated with the evolutionary development of the brain might be 
evaluated. 


METHODS 


Experimental, The material used in these experiments included: (1) samples of brain removed 
from six human patients during neurosurgical operations; (2) post-mortem samples of two human 
brains obtained 30-36 hr after death ; (3) brains removed from rabbits, cats, dogs, pigs and sheep 
immediately after death produced under anaesthesia (pentobarbitone and/or cyclopropane) by 
haemorrhage or by destruction of the medulla oblongata; (4) brains of guinea-pigs, rabbits, pigs 
and sheep which were stunned and bled to death without anaesthesia; and (5) a few tissues of 
bullocks and horses obtained from the slaughter-house within 20 min-3 hr after death. In these 
and previous experiments it has been found that the choline acetylase activity was the same in a 
given part of the nervous system whether the animal had or had not been anaesthetized before 
death. 

After removal the tissues were dissected and each sample cooled to 0-3° C. They were then 
made into acetone powders. The procedures used in preparing and extracting the acetone powders 
and the subsequent determination of their choline acetylase activity have been fully described in 
recent papers from this laboratory (Hebb & Waites, 1956; Hebb & Smaliman, 1956). Choline 
acetylase activity will be expressed here as ug or mg of ACh (as the chloride) synthesized per g of 

acetone powder per hr. 

» Cerebral cortical areas in man have been enumerated according to Brodman maps reproduced 
_ by Kappers, Huber & Crosby (1936), and in the dog according to Klempin (1921). Cortical areas 
in other species were identified by reference to Winkler & Potter (1911, 1914), Kappers et al. (1936) 
and Wilkie (1937). 

Control of post-mortem changes. In two control experiments, one on a dog and one on a pig brain, 
the right and left halves of the cerebrum when first removed were separated from one another; 
_ acetone powders were then made from one half following the usual procedure, but the other half 
was stored for either 1 day (dog brain) or 2 days (pig brain), at the end of which times acetone 

were made from these as well. In the first of these experiments the half-brain was stored 

at 3—5° C for 24 hr; in the second the tissue was kept at room temperature for a preliminary period 
of 6 hr, then stored for a further period of 42 hr at 3-5° C. Acetone powders were made in each 

case from four corresponding regions of the fresh and stored portions of tissue. These experiments, 
which were done in order to determine whether any significant loss of choline acetylase would 
occur post-mortem, showed that the rates of synthesis of ACh by extracts of fresh and stored 
tissues agreed within the error of the method (+ 10%). The data from these experiments have 
not been tabulated separately; but the figures obtained from stored tissues appear in Tables 
l and 2 of the results, in brackets beside the values obtained from the corresponding fresh tissues. 


RESULTS 
Range of variation of choline acetylase concentration in the nervous system — 
The variation in the choline acetylase concentration of the adult mammalian 
nervous system was found to be much larger than any previous investigation 
had shown. The lowest concentrations observed in the optic nerves and dorsal 
spinal roots, each synthesizing less than significant amounts of ACh (0-25 yg/ 
g/br), agreed with earlier estimates, but the concentrations in some other 
regions of the nervous system were 10-30 times higher. Among the highest 
values observed were those obtained for the caudate nucleus, which synthesized 
between 10 and 15 mg ACh/g/hr, and for the anterior roots and the retina 
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which in a few species had an activity of the same order. The spread of values, 
assuming that 25 ywg/g/hr represented the true rate of synthesis by the sensory 
nerves mentioned above, was such that the ratio of the highest to the lowest 
activities was between 450: 1 (cat) and 700:1 (sheep). In man the correspond- 
ing ratio was 540: 1. | 


TaBiz 1, Choline acetylase activity expressed as ~g ACh/g/hr determined in certain regions of 
the nervous system of the dog and of man. Results obtained by earlier workers (Feldberg & 
Mann, 1946; Feldberg & Vogt, 1948; Zetler & Schlosser, 1955) are shown in the last three 
columns under their initials 


Choline acetylase activity 
Values reported earlier 
Species Region of nervous system Present values F.&M. F.& V. Z. & 8. 
Dog Cortical area 17 1,325 _ 188 — 
Cortical area 4 3,000 — 230 — 
Cortical area 51 3,750 —_— 262 — 
Ammon’s horn 2,600 348 
Olfactory bulb 1,150 — 178 — 
Olfactory tract 3,750 152 
Retina 570 400 _ — 
Optic nerve 0 0-15 18 — 
Superior colliculus 2,200-2,400 — 340 289 
ior colliculus 1,400 — 142 96 
us 3,100 — 323 191 
Hypothalamus 2,000 — 87 130 
Caudate nucleus 13,000-13,500 — 410 442 
Cerebellar cortex 88 — 27 — 
Cerebellar peduncles 325 _ 155 — 
Ventral spinal roots 11,050 400-1240 760 _— 
Dorsal spinal roots 0-25 0-9 
Man Parietal cortex 290 — a 49-63 
Caudate nucleus 10,000-13,500 194 
us 325 68 
Hypothalamus 170 81 
Superior colliculus 160 87 


Table 1 shows for a representative list of tissues the quantitative difference 
between the present results and those obtained by earlier workers. The rate of 
synthesis by the retina, optic nerve and dorsal spinal roots of the dog which we 
observed are about the same as those reported earlier; but for all the other 
tissues listed our values are much higher. A few control tests in the present 
series of experiments showed that the differences between the values of the 
two series were dependent upon the addition of liver enzyme (for the produc- 
tion of acetyl-CoA). If this were omitted the rates of synthesis in all tissues 
were of the same order as in the earlier series. It can be assumed that in those 
tissues in which the rates were the same for both systems the formation of 
acetyl-CoA was not rate-limiting. This might be expected since it was true 
only of tissues which had low choline acetylase activity. 3 

The addition of liver enzyme not only increased the sensitivity of the method 
but also its reliability. Feldberg & Vogt (1948) noted variations of as much as 
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100% in the choline acetylase activity determined for individual tissues. On 
the other hand, we found that in any one species repeated estimations of 
anatomically well-defined tissues such as the anterior roots and caudate 
nucleus usually agreed within + 15%. 


Regional variations of enzyme in the nervous system 

The data already discussed give some indication of how the concentration 
of enzyme varied from one part of the nervous system to another. The re- 
maining data given in Tables 2-7 provide a more detailed picture of the 
anatomical distribution of choline acetylase in any given species and of the 
variations and resemblances between species. 

The cerebral cortex, represented by areas 4, 17, 28 and 51 (in some species 
only) and Ammon’s horn, exhibited species variations which paralleled one 
another in direction and which in broad outline appeared to be related to the 
degree of cortical development. Of all cortical tissue man’s area 17 (striate 
cortex) had the lowest concentration of enzyme (Tables 2, 3). In the same 
species area 4 synthesized more, about double that synthesized by area 17; 


TaBLe 2. Choline acetylase activity as ug ACh/g/hr in cerebral cortex of mammals. Figures in 
brackets are results obtained from tissues extracted 24—50 hr after death (see Methods) 


Cortical areas 
A Ammon’s 

Species 17 4 28 51 horn 
Man 100-140* (290) (580) — (675-1050) 

(100) 
Pig 5 720-1125 1800 2450-2600 

(990) 
Cat 1350 2100 4500 3400 
Sheep 1000-1350 1500-1700 1600 5200 2800-2900 
Dog 1250-1400 3800 3750 2600-4200 
(1300) 

Rabbit 200* 3750-4800* 3500 4500 4125 
Guinea-pig 4000* 4000* 3750T 5000 


*Includes some cortical tissue from adjacent areas. 
tAreas 28 and 51 pooled. 


Tase 3, Choline acetylase activity expressed as ng ACh/g/hr of fresh samples of human cerebral 
cortex and subjacent white matter. Figures in brackets are from post-mortem samples of 
brain which are included for comparison 


Subjacent Mixed grey 
Cortex white tissue and white tissue 

Occipital lobe 100-138 

including striate 

and peristriate areas 
Occipital lobe 138-250 25-50 140-165 

excluding striate 

area 
Temporal lobe 95-150 
Frontal lobe 250 — 112 

(280) 
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while in the rhinencephalon the values were again higher. Next to man was the 
pig, synthesizing about 4 times as much ACh in areas 4, 17 and 28. Then came, 
with successively higher cortical values, the cat, sheep, dog, guinea-pig and 
rabbit. The largest species differences were shown by areas of the neocortex, 
e.g. 4 and 17, and the remainder of the occipital cortex in man and rabbit. The 
amount of ACh synthesized by these areas in the rabbit was 20 times that 
synthesized by the same areas in man. The corresponding difference for areas 
of the rhinencephalon or allocortex (area 28 and Ammon’s horn) was that in 
the rabbit these tissues synthesized 4-6 times the amount which they syn- 
thesized in man. 


TasBiE 4, Choline acetylase activity as mg ACh/g/hr in the basal ganglia, thalamus and centres of mid- and hi ink 
Figures 


in brackets as in Table 2 
A. 
Region of brain Man Pig Sheep Dog Cat Rabbit pig 
Caudate nucleus (10~-13-5) 9-T-12 7-11-25 13-2 10-5 
nucleus 4-75-65 6-75-75 90-110 25-55 5-5 
us ) 1-825 1-T-1-75 2-2 
body ) 0-72 20 0-25 
Superior colliculus (O 2-7 5-4 2-2-2-4 20 3-5 
Interior colliculus 1-75 1-4 1-75 14 
Cerebellar cortex 0-01 —_ 
(0-05-0-2) } 0-2-0-3 0-2-0-4 
Cerebellar peduncles _— —_ 0-45 0-325 0-2 


Basal ganglia (Table 4). Only the caudate and amygdaloid nuclei have 
been examined systematically. The highest concentration of choline acetylase 
within the central nervous system of each species was found in the head and 
body of the caudate nucleus. The values tail off, however, since the concentra- 
tion of choline acetylase in the amygdaloid nucleus, although high, is always 
20-50%, less than the concentration in the caudate. The lentiform (tested only 
in man) had about half the activity of the caudate. With the exception of the 
cat, in which the activity was slightly lower, the rate of synthesis of ACh by the 
caudate nucleus in man, pig, sheep, dog, rabbit and guinea-pig was surprisingly 
constant, between 10 and 15 mg/g/hr. The potential rate of synthesis by the 
basal ganglia of man is such that together they might conceivably produce 
between 40 and 50 mg of ACh/hr in one brain. A rough calculation on an 
average rate of synthesis of 200 y.g/g dried brain/hr suggests that the potential 
output of all of the rest of the human brain would be of the same order. 

Thalamus. Here the concentration of enzyme was found to be con- 
siderably lower than in the basal ganglia, but nevertheless on the average 
some 4-6 times higher than the concentrations reported by Feldberg & Vogt 
(1948). The values for the lateral and medial geniculates were near the average 
for the whole thalamus. The values for the hypothalamus were less. 
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Cerebellum. The concentration of enzymes was low in all species examined. 
Our results showing low but variable concentrations of enzyme in the cere- 
bellar cortex, higher values in the cerebellar peduncles and an over-all low 
average for the whole organ agreed well with those of Feldberg & Vogt. 
Species variations were slight, no more than might be expected from associated 
variations in the amount of connective and vascular tissue present. The enzyme 
concentration of the pons was found to be about double that of the cerebellar 
peduncles. No other parts of the hind-brain were tested. 


Tass 5. Choline acetylase activity in the optic nerves, dorsal spinal roots and ventral 


spinal roote expressed as wg ACh/g/hr 
Dorsal spinal 

A Ventral spinal 
Species Optic nerve roots ganglia roots 
Ox 0 0 “— 6,800 
Dog 0-12-5 0-25 25-120 10,750-12,000 
Cat 0 25 _ 8,800-10,000 


TaBsxz 6. Choline acetylase activity in the retina and superior colliculus or optic lobes of 


Species Retina colliculus 
Domestic fowl 22-32 10-8-12* 
Pigeon 18-22 7-0-11-3* 
Sheep 15-17-5 5-4 
05-120 275 

10-56-12 15 

Rabbit 4-8-8-8 2-7 

Ox 

Horse 3-0-3-3 

Dog 0-54-0-8 2-2-2-4 

Cat 0-4 2-0 
* Optic lobe. 


Dorsal spinal roots. Here, as already indicated, little or no enzyme was 
found (Table 5); usually there appeared to be none at all. Dorsal root ganglia 
from the dog which might have been slightly contaminated from adjacent 
ventral spinal nerves did synthesize small but significant amounts of ACh. By 
contrast, extracts of the ventral spinal roots synthesized on the average only 
slightly less than the caudate nucleus. The optic nerve which was examined in 
five species synthesized little or no ACh. 

Retina and superior colliculi. These were both examined in six mammals. The 
results are summarized in Table 6. Of all parts of the mammalian nervous 
system the retina exhibited the largest—about 40-fold—species variation. The 
two carnivores, the cat and dog, had the lowest concentration of choline 
acetylase and the sheep had the highest, while in descending order of con- 
centration, values for the retinas of the pig, guinea-pig, rabbit and horse, were 
between these two extremes. As in earlier experiments (Hebb, -_ no 
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evidence was found for the presence of significant quantities of choline 
acetylase in the optic nerves of mammals. In the superior colliculus, however, 
moderate concentrations of choline acetylase were present. It is of interest 
that the concentration in this centre showed a positive correlation with the 
retinal concentration in different species. For purposes of comparison we have 
included in Table 6 data for the retina and optic lobes (homologous with the 
superior colliculi) of the hen and pigeon (Hebb, 1955). In these, as well as in 
the mammals, there was evidence to show that, in all species save the dog and 
cat, the concentration of enzyme in the mid-brain visual centre although at a 
lower level varied from one species to another parallel with the variations in 
the retinal concentration. The range of values for the superior colliculus was 
not so wide as the range for the retina. 


TaB_e 7. Choline acetylase activity as ~g ACh/g/hr in peripheral division of olfactory brain. 


Figures in brackets as in Table 2 
Tissues 
Species Olfactory bulb Olfactory tract Olfactory trigone 
Man (570) 250 
Pig 790-1,300 1,400-2,000 9,750-—10,800 
(790) (2,000) 
Sheep 1,200-1,400 1,700-3,000 9,000—9,400 
Dog 1,150-1,600 2,400-3,700 7,500-9,000 
(1,450) (3,750) 
Cat 2,200 3,600 _ 
Rabbit 1,200-1,750 3,800 10,000 
Guinea-pig 1,000—1,800 — 


The olfactory pathway was the only other system studied (see Table 7). In 
all species the olfactory bulbs synthesized moderate amounts of ACh. Man’s 
olfactory bulb, synthesizing 570 ng ACh/g/hr was one-quarter to one-half as 
active as the olfactory bulbs of other species. The human olfactory tract had 
in turn less enzyme than the bulb, possibly because of the admixture of a 
larger proportion of connective tissue. The olfactory tract of other species 
contained more choline acetylase than did the bulbs; and there was evidence 
that the more central parts of the tract in the dog had more choline acetylase 
than had the peripheral parts. In the olfactory trigone (the surface layer of 
tissue at the roots of the olfactory tracts) the concentration of enzyme was 
very high in all species including man. . 

DISCUSSION 
In this survey of the neuroanatomy of choline acetylase the results obtained 
go far to substantiate the most important conclusion reached earlier by Feld- 
berg & Vogt (1948). Although compared with their method ours is a more 
sensitive means of estimating choline acetylase and with it we have observed 


a much wider range of values of choline acetylase concentrations, our results 
confirm theirs in showing that choline acetylase is present only in a proportion 
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of neurones and is virtually absent from the axons of two important groups of 
sensory neurones, the dorsal spinal and the optic nerves. 

Our conclusion that these two types of sensory nerves contain no choline 
acetylase is based on the failure to find any evidence of ACh synthesis in a 
large number of tests. As the tables indicate, however, we have occasionally 
observed a small rate of ACh production by optic nerves and dorsal roots 
which did not exceed 25 yg/g/hr. We have considered that these were not 
significant, in part because they were not reproducible at will being observed 
in only about 25% of our tests, in part because slight contamination with 
other more active tissue could not be wholly and certainly excluded as their 
cause, and finally because they fell so far below the rates observed in choli- 
nergic nerves. 

The question then arises what meaning can be attached to the claim by other 
workers that the sensory nerves do synthesize ACh. Cohen (1956) finds that 
the dorsal roots of the ox synthesize slightly less than 50 yg/g/hr in a system 
which enables the ventral roots to synthesize about 7 mg/g/hr or more. On 
testing the same tissues of the same species we have found with our system a 
similar rate of synthesis by the ventral roots but little or no synthesis by the 
dorsal roots. We think the differences in results may be due to two separate 
causes. One factor may easily be contamination of the inactive dorsal root 
tissue with dorsal root ganglia and/or attached ventral root tissue. Another 
cause of disagreement, and this we think is the most important, is the method 
of identifying the ester in the incubate. In our experiments we have preferred 
to check doubtful results by assay on the guinea-pig ileum. We find too that in 
tests on both guinea-pig ileum and frog rectus it is important that the effect of 
sensitizing substances in the incubate and the alkali-lability of the active 
principle should be assessed independently. 

So long as the spread of values for choline acetylase was represented by so 
low a ratio as 42:1, while the equivalent ratio for true cholinesterase was 
about 10 times greater, it was justifiable to suspect that the method of sampling 
choline acetylase was insensitive. Now, however, this criticism disappears 
and the evidence is, if anything, more strongly in favour of a discrete dis- 
tribution of choline acetylase limited to certain types of neurone. No other 
explanation can adequately account for all the observations. 

Among those who have taken a different view, Nachmansohn and his co- 


workers (Nachmansohn & Wilson, 1951) have proposed that both choline 


acetylase and true cholinesterase are present in all conducting tissues. Never- 
theless, they have not yet been able to find any explanation in keeping with 
this view that would account for the large variation in both enzymes which 
are observed in mammalian tissues. Nachmansohn in a recent publication has 
remarked, apropos of cholinesterase in the central nervous system, ‘We don’t 
know anything about the meaning of the variations in concentrations of 
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acetylcholinesterase’ (Waelsch, 1955). On the other hand, once it is accepted 
that there exist neurones of two kinds, one which contains choline acetylase 
and one which does not, both individual and species variations can be simply 
explained. 

The variations in true cholinesterase concentration can be largely accounted 
for in the same way. It has long been recognized, however, that this enzyme, 
although probably present in all neurones which contain choline acetylase, is 
found in other tissues as well. These may include some neurones and very 
probably the glial tissue in certain parts of the nervous system. The distribu- 
tion of the two enzymes is not therefore strictly parallel, and in the case of the 
cerebellum, in which true cholinesterase is relatively concentrated and choline 
acetylase only sparsely distributed, the discrepancy is large. 

Our results in the optic system also support Feldberg & Vogt’s (1948) 
suggestion that in some nervous pathways cholinergic alternate with non- 
cholinergic neurones. The large species variations in retinal concentration of 
choline acetylase are possibly related to a number of differences in the organiza- 
tion of its neural elements. From histochemical evidence (Francis, 1953; 
Koelle, Wolfand, Friedenwald & Allen, 1952; Hebb, Silver, Swan & Walsh, 
1953) it appears that both bipolar and amacrine cells are cholinergic. If so, it is 
in these cells that the choline acetylase will be found and one might expect its 
concentration to vary according to both the numbers of amacrine and bipolar 
cells and the richness of their endings in synaptic relation to the ganglion 
cells. On these grounds the high concentration of choline acetylase in the bird 
retina is readily explained. It is not so easy, however, to account for the low 
concentration of enzyme in the cat retina which contains numerous small 
amacrine cells. Possibly some amacrine cells are not cholinergic or they may 
have a less diffuse type of ending. 

Associated with the large variations in the retinal concentration of choline 
acetylase are similar variations in the enzyme of the superior colliculus. These 
two centres are connected by the non-cholinergic third-order neurones which 
arise from the optic ganglion cells and form the optic nerve and tract. 
Accordingly, the choline acetylase of the superior colliculus (or optic lobe of the 
birds) is determined by the number of cholinergic neurones which have their 
cell bodies in and originate from the superior colliculus. The evidence of a 
quantitative relation between the numbers of cholinergic neurones in the 
retina and the superior colliculus in different species therefore reinforces the 
idea that this pathway is composed of alternating cholinergic and non- 
cholinergic neurones. 

The observations made on the cerebral cortical concentration of choline 
acetylase of any one species have more meaning when they are considered in 
relation to corresponding values obtained for other species. In the rabbit and 
guinea-pig in which there has been the least evolutionary development of the 
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cortex there is scarcely any variation from one part to another. In all other 
species, however, there are well-marked differences which though quantitatively 
dissimilar follow the same general pattern. Thus in all these species area 17 has 
the lowest concentration of enzyme; area 4 has a consistently higher con- 
centration but the areas with the highest concentration are found in certain 
parts of the allocortex or rhinencephalon. It is also noticeable that it is in the 
neocortical areas that the enzyme is most affected during the enlargement of 
the cortex; the change in the rhinencephalon is consistently much less. The 
olfactory bulb which can be regarded as part of the allocortex—it has a similar 
neural pattern—is the least changed. 

It appears then that the great evolutionary development of the neocortex 
which reaches its maximum in man has been due largely to the multiplication 
of neurones which are not cholinergic. Because of the diminished concentration 
of cholinergic neurones in the more highly developed brains it has been 
suggested that they represent a more primitive type of cell (Feldberg, 1945). 
Our results might also be interpreted in this way, but we feel that on the basis 
of our present knowledge it is an oversimplification to discuss cholinergic 
neurones in these terms. ‘Cholinergic’ or ‘non-cholinergic’ are descriptions, 
each of which can apply to many morphological types of neurones including 
those that have different kinds of axons, myelinated and non-myelinated, 
fast-conducting and slow-conducting. Apart from the fact that one secretes 
ACh and the other does not there are no special characters distinguishing the 
two types of nerve from which it could be decided that one is more primitive 
than the other. We lack also precise knowledge of the comparative distribution 
of cholinergic neurones, and until we have this information the question of how 
primitive is the acetylcholine-releasing nerve cell must be left undecided. 


SUMMARY 

1. The distribution of choline acetylase which has been measured in the 
nervous system of man and a number of other mammals including the dog and 
rabbit has been found to vary widely in each species from values approaching 
zero in certain sensory nerves to very high values in the caudate nucleus and 
ventral spinal roots, each of which synthesize between 10 and 15 mg ACh/g/hr. 

2. The caudate nucleus with a very high concentration and the cerebellar 
cortex with a very low concentration of enzyme are two tissues which show 
little or no species ‘variation; while the retina exhibits the largest species 
variation which has been encountered. 

3. Species variations in the cerebral cortical concentration of enzyme are 
found to be negatively correlated with the degree of cortical development. 

4. The evidence supports the hypothesis that choline acetylase is present 
only in @ proportion of the neurones which make up the central nervous system 
of mammals. 
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THE NERVOUS CONTROL OF THE CERVICAL OESOPHAGUS 
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The arrangement of the motor fibres to the cervical oesophagus in the common 
laboratory animals has been described by Hwang, Grossman & Ivy (1948). 
These workers have shown, by nerve stimulation and X-ray photography, that 
the motor fibres serving the cervical oesophagus emerge from the vagus either 
above or below the nodose ganglion, depending on the species, and enter the oeso- 
phagus from either a branch of the pharyngeal nerve or the superior laryngeal 
nerve. The dysphagia which follows section of these fibres in the dog and the de- 
gree of functional recovery which may occur has been described (Hwang, 1953). 

During an analysis of the myelinated fibres of the superior laryngeal nerve 
of the rat (Andrew, 19565) activity in the motor fibres to the cervical oeso- 
phagus was detected electrically, and a preliminary report of the discharges of 
nerve action potentials which take place during swallowing has been given 
(Andrew, 1956a). In the present paper an attempt is made to relate discharges 
of nerve impulses to and from the cervical oesophagus to other events in the 
act of swallowing. 


METHODS 
The experiments were performed on thirty rats. Anaesthesia was induced with trichloro-ethylene 
vapour and maintained by intra-peritoneal injection of 25% (w/v), urethane solution 5 ml./kg 
body weight. 

Electrodes. The muscle action potentials were picked up with bipolar copper wire electrodes 
inserted into the muscle. The wires were enamel-insulated, except at the cut ends, and the tips 
were separated by a fraction of a millimetre. The wires (diameter 0-07 mm) were wound as a helical 
spring between the muscle and the input terminals of the amplifier. This arrangement permitted 
contraction of the muscle fibres to occur without a shift of electrode position and consequent 
change of action potential size. The electrodes were isolated from the control grids of the input 
valves by 0-001 pF polystyrene dielectric condensers. Nerve action potentials were picked up with 
silver wire electrodes. 

Recording. The electrodes were connected to conventional capacity-coupled amplifiers and 
thence to double-gun recording cathode-ray oscillograph, monitor tubes and loudspeaker. The 


_ ction potentials were recorded on moving bromide paper. 
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The dissection of the cervical oesophagus and its nerve supply. A mid-line incision was made on 
the ventral surface of the neck. The subcutaneous tissue was divided between the salivary glands. 
The sternohyoid muscle was cut transversely at its attachment to the hyoid bone and reflected 
back and cut short close to the sternum. The edges of the wound were tied back and the cavity so 
formed filled with paraffin oil. All further dissection was carried out beneath the oil surface. The 
omohyoid muscle was detached from the hyoid bone and in many experiments it was found 
convenient to detach the sternothyroid muscle from the thyroid cartilage. Features of the nerve 
supply have been described already (Andrew, 19565). 

Stimulation. The swallowing reflex was elicited by stimulation of the pharynx or epiglottis with 
the blunt end of a thin glass rod, introduced through the mouth. On a few occasions it was 


produced by injecting 1-2 ml. of air into the oesophagus from a thin flexible tube (diameter 1 mm) 


inserted through the mouth and upper oesophageal sphincter. 


RESULTS 


The ease with which the act of swallowing may be elicited and the vigour of the 
peristaltic wave in the oesophagus vary a great deal in the anaesthetized 
animal. This variation is partly accounted for by changes in the level of 
anaesthesia which occur during an experiment lasting a few hours. In this 
work two relatively constant events were selected as landmarks and included 
in records of oesophageal activity so as to relate the latter to the act as a whole. 
The two events selected were the inhibition of the activity of the crico- 
thyroid muscle and the contraction of the thyrohyoid muscle (a laryngeal 
elevator); both of these occur during the pharyngeal phase of swallowing. The 
features of these two events will be described first and then the efferent and 
afferent discharges in the oesophageal nerve fibres will be related to them. 

The inhibition of the cricothyroid motoneurones. The cricothyroid is an ac- 
cessory respiratory muscle which is active even during quiet breathing; it 
contracts during inspiration. Some motor units discharge continuously 
throughout the respiratory cycle with a maximum frequency during in- 
spiration, others phasically during inspiration only. When a swallowing 
movement occurs the outflow of motor nerve impulses is completely in- 
hibited for 0-1-0-2 sec. Activity then restarts at a higher level than before the 
inhibition but rapidly subsides to the original level. 

The contraction of the thyrohyoid muscle. No activity could be detected in the 
muscle fibres between swallowing movements. Recordings from the central 
end of the motor nerve, which is very slender, did not reveal any activity in 
large fibres. Activity in small motor fibres could be detected in about half the 
preparations; it consisted of a low frequency discharge in one or two fibres. 
The frequency was usually slightly modulated by the respiratory cycle, the 
maximum occurring during expiration; increased respiratory activity tended 
to increase the discharge and to recruit additional small fibres. When a swal- 
lowing movement took place the discharge in small fibres accelerated to high 
frequencies, e.g. 200 impulses/sec and a short volley occurred in a number of 
large motor fibres. This volley lasted 0-1-0-3 sec. The rise in frequency in the 
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small fibres usually preceded the « fibre volley and the return to the resting 
) level extended by a fraction of a second after the volley. In recordings taken 
from the whole motor nerve the events in the small motor fibres were obscured 
) during the a fibre volley; however, clearer records could be obtained from 
| branches given off close to, or within, the muscle. Fig. 1 shows the activity in 
motor fibres during a swallowing movement. 


Fig. 1. Efferent nerve action potentials in a small branch of the motor nerve to the thyrohyoid 
muscle during a swallowing movement. The volley of six large action potentials corresponded 
to the contraction of the muscle during elevation of the larynx. It will be seen that the small 
action potentials began to rise in frequency just before the a fibre volley, discharged at a high 
frequency during the volley, and declined in frequency afterwards. The record does not give a 
true picture of the relative sizes of the action potentials as the peaks of the « fibre action 
potentials are beyond the top of the record. 


0-4 sec 


Fig. 2. Simultaneous recordings of the efferent nerve impulses in the motor nerves to the thyro- 
hyoid muscle (upper record) and the cricothyroid muscle (lower record) during a swallowing 
movement, The outflow to the cricothyroid was inhibited for 0-1 sec, the multifibre volley to 
the thyrohyoid muscle lasted for 0-14 sec. 


The time relation between the cricothyroid inhibition and the thyrohyoid | 
excitation. The beginning of the inhibition of the cricothyroid activity and the 
beginning of activity in the large motor fibres to the thyrohyoid was almost 
simultaneous. The elevator muscle volley was usually slightly longer than the 
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cricothyroid inhibition and so overlapped the resumption of activity in the 
cricothyroid. Fig. 2 gives an example of simultaneous recordings from the 
central ends of the motor nerves to the two muscles. 


The activity in efferent fibres to the cervical oesophagus 

The efferent fibres in the rat are contained in two branches of the superior 
laryngeal nerve and are small myelinated fibres, 6 or less in diameter. The 
anatomy of the nerve supply has already been described (Andrew, 1956). In 
addition there is almost certainly a degree of overlap by the innervation zone 
derived from the recurrent laryngeal nerve. Activity in fibres taking this 
course is not considered in this paper. 

The activity in efferent fibres will be described for four functional states of 
the oesophagus. These states are (a) at rest between swallowing movements, 
(b) during a swallowing movement which is only a bucco-pharyngeal act, 
without a propulsive wave in the oesophagus, (c) during a swallowing move- 
ment containing a propulsive wave in the oesophagus, (d) during gagging 
movements. All the animals could be used to study (a) and (5), only about one 
quarter could be stimulated to produce regularly the full movement (c), and 
the movement (d) was only observed in lightly anaesthetized animals and was 
accompanied by ventroflexion of the neck and by jaw movements. 

Activity at rest between swallowing movements. One or two fibres discharged 
at low frequencies (5-30 impulses/sec) and the frequency was usually modulated 
by the respiratory cycle. At its lowest detectable level the activity consisted 
of a few impulses only during inspiration. At higher levels of respiratory 
activity there was a continuous discharge in a few fibres with a maximum 
frequency during inspiration. These fibres will be referred to in subsequent 
descriptions as type | fibres. Motor units were detected in the wall of the 
fully innervated oesophagus at the level of the cricoid cartilage which showed 
activity similar to that detected in type 1 fibres. The fully innervated oeso- 
phagus at more caudal levels was inactive electrically. The mechanical action 
of the muscle was imperceptible to the eye during quiet breathing; it is of 
interest that Hwang et al. (1948) reported visible contractions of the cervical 
_ oesophagus of the dog during gasping respiratory efforts. 

Activity during a bucco-pharyngeal swallowing movement. The activity in 
type 1 fibres was inhibited for a fraction of a second and then resumed at a 
raised level which slowly fell during the succeeding seconds; other fibres were 
usually recruited during this phase of post-inhibitory excitation. The phase of 
inhibition corresponded in time to the inhibition of the cricothyroid muscle. 
Fig. 3 shows the activity of a type 1 fibre during a swallowing movement. 

Activity during a swallowing movement containing a propulsive wave. The 
type | fibres were inhibited as described in the previous section. In addition 
after the end of the inhibitory phase, another group of fibres discharged a short 
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volley. These fibres will be referred to as type 2 fibres. The recorded action 
potential size of the two groups was approximately the same, type 2 perhaps 
rather smaller. The volley was composed of shorter volleys in individual 
fibres dispersed temporally. The length of the multifibre volley was variable 
(0:2-0°8 sec), and the longer volleys corresponded to the more vigorous 
propulsive waves. Some propulsive waves did not traverse the whole length 
of the cervical oesophagus and consisted of little more than a twitch con- 
traction of the upper end. By inserting electrodes in the oesophageal muscle 
at different levels and recording simultaneously the volley and the electro- 
myogram of the propulsive wave as it passed the implanted electrodes, it was 
possible to conclude that the duration of the multifibre volley in type 2 fibres 
corresponded to the time the propulsive wave spent in moving along the 
cervical oesophagus. Fig. 4 gives an example of such a record. There was 
some evidence, however, that fibres taking another route, presumably through 
the recurrent laryngeal nerve, contributed to the muscle contraction at the 
caudal end of the cervical oesophagus. The recorded action potential size of 
the type 2 fibres could be improved by dissection of the motor nerve into 
smaller filaments and on a few occasions it was possible to record from two 
filaments simultaneously during the efferent volley and thus to display the 
displacement, in time, of the activity in different fibres. Fig. 5 shows an 
example of this type of record. 

Activity during gagging movements. These movements were not studied in 
any detail, but records of oesophageal and elevator muscle activity obtained 
during gagging could easily be distinguished from those obtained during 
swallowing since (a) contraction occurred at both sites at the same time, 
instead of in sequence, (b) there was a general oesophageal contraction instead 
of a propulsive wave, and (c) the elevator contraction lasted much longer, 
e.g. for I sec. 


The activity in afferent fibres from the cervical oesophagus 
Recordings were made from filaments dissected from the oesophageal 
branches, and the peripheral end of the main trunk, of the superior laryngeal 
nerve. To reduce the afferent inflow from other regions, branch 1, which serves 
the upper larynx, was disconnected from the main trunk and in some experi- 
ments the ipsilateral recurrent laryngeal nerve, which contributes aortic 
baroceptor fibres to the superior laryngeal nerve by way of the communicating 
branch (Andrew, 1954), was also cut low in the neck. After section of both 
these afferent channels and remova: of the sheath of the main trunk, impulses 
from the oesophagus were just detectable above the noise level as a low 
frequency multifibre resting discharge. The passage of a propulsive wave along 
the cervical oesophagus coincided with a multifibre afferent volley lasting 
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0-4 sec 
Fig. 3. An example of the discharge in type 1 efferents in a filament dissected from the central end 
of the oesophageal branch of the superior laryngeal nerve. The two pauses in the tonic 
discharge corresponded to the pharyngeal phases of two swallowing movements. Note the 
recruitment of an additional fibre in the phase of post-inhibitory excitation. 


Al 


B2 


Fig. 4. Al and A2 are simultaneous recordings of the oesophageal electromyogram at the level 
of the 7th tracheal ring (A 1), and efferent nerve impulses in a filament dissected from the 
central end of the oesophageal branch of the superior laryngeal nerve (A 2), during a swallow- 
ing movement which did not contain a propulsive wave. Bl and B2 are recordings taken 
shortly afterwards during a swallowing movement which did contain a propulsive wave. The 
electrode positions were not changed between the two swallows. A 2 thus shows the activity 
of type 1 fibres, and there is no activity shown in the electromyogram. B2 shows the activity 
of both type 1 and type 2 fibres and the electromyogram corresponds, in time, with the 
additional multifibre activity seen when A 2 is compared with B2. The electromyogram is due 
to the contralateral innervation. 


0-2 sec 


Fig. 5. Simultaneous recordings from two filaments dissected from the central end of the 
oesophageal branch of the superior laryngeal nerve during a swallowing movement containing 


® propulsive wave. The activity of four or five type 2 fibres can be distinguished; the indivi- 
dual volleys overlap in time. 
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To obtain action potentials of satisfactory size it was necessary to use very 
slender filaments. The recorded action potential size of the afferent fibres 
illustrated in this section is larger than that of the efferents in the preceding 
section; this, however, is not evidence that the afferent fibres are of larger 
diameter, but rather indicates the greater technical difficulty in making 
functional single fibre preparations from the type 2 efferents than from the 
afferents. The greater difficulty arose because the efferents are active only for 
a short period of time and in a limited number of anaesthetized animals. 

Resting discharge. There was a continuous discharge in small fibres at low 
frequencies (4~15 impulses/sec). The discharge frequencies were determined by 
the intracesophageal pressure, increased pressure leading to increased fre- 
quencies. Thus the introduction of 1-2 ml. of air through a tube inserted 
through the pharynx raised the resting frequency. The endings responsible for 
the discharge were located by probing the wall of the oesophagus. The ending 
zones of individual fibres were localized and were found to be confined to a 
particular level of the oesophagus. The sphincter region was innervated and 
probe tests here caused discharges in two or three fibres simultaneously. 
Endings were detected as far caudally as the dissection permitted, i.e. to the 
upper margin of the sternum, which corresponds to the 10th or 11th tracheal 
ring. 

Effects of respiratory movements. These effects on the resting discharge were 
variable. Sometimes during quiet breathing no modulation of the discharge 
frequency was detectable. In other experiments, when the oesophagus con- 
tained trapped air and mucus, the movements of the contents towards the 
thoracic portion during inspiration, as a result of decreased intrathoracic 
pressure, visibly deflated the cervical oesophagus and a reduction of the 
resting discharge occurred. A third variant occurred when vigorous breathing 
and an empty oesophagus caused longitudinal stretching during inspiration 
and an increased discharge in some fibres. 

Effect of a bolus in the oesophagus. To stimulate the oesophagus in a normal 
fashion, a bolus of moist cotton-wool was introduced through the upper 
sphincter. It was found convenient to attach the bolus to the end of a thin 
glass rod so that it could be positioned manually. Slowly adapting endings 
connected to small fibres were stimulated and high frequencies of discharge 
(200-300 impulses/sec) could be produced when the bolus was pushed into the 
innervation zone of a fibre. The discharge frequency fell sharply as the bolus 
passed out of the innervation zone. In Fig. 6 the resting discharge of an 
ending is shown together with its adapted response to a small bolus of cotton- 
wool, 

Effect of a propulsive wave. The propulsive wave exerted a powerful transient 
stimulant action as it swept through the innervation zone of an ending. 
Fig. 7 shows an example of the discharge of an ending located at the level of 
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the eighth tracheal ring as a propulsive wave passed. This preparation also 
contained fibres connected to endings at a different level of the oesophagus 
and these discharged a short volley in advance, temporally, of the response of 
the other fibre. The endings can thus supply information of the propulsive 
wave, in addition to positional information of a static bolus. To check that the 
stimulation of the ending did correspond, in time, with the passage of the 
propulsive wave through the ending zone, the following type of experiment 
was performed, The position of the ending zone of an electrically recognizable 
fibre was determined by probe tests, electrodes were inserted into the wall of 
the oesophagus at this level, a propulsive wave was elicited, and simultaneous 
recordings made of the electromyogram and the afferent discharge. Fig. 8 


Fig. 6. Afferent nerve impulses from the oesophagus in a filament dissected from the superior 
laryngeal nerve. The ending discharging the large impulses was at the level of the 7th tracheal 
ring. Recording A shows the adapted resting discharge of 4 impulses/sec, recording B shows 
the adapted discharge from the same ending in response to a small cotton-wool bolus (dia- 


meter 3 mm) in the cervical oesophagus. When this record was taken the bolus had been in 
place for 5 min. ; 


| 


0-4 sec 


Fig. 7. Afferent nerve impulses from the oesophagus in a filament of the superior laryngeal nerve 
during the passage of a propulsive wave. The largest nerve impulses are from an ending at the 
level of the 8th tracheal ring. Its resting frequency of about 6 impulses/sec rose to about 
100 impulses/sec as the propulsive wave passed the ending zone; a post-excitatory pause of 
4 sec duration followed. The pairs of impulses in positions marked X and Y corresponded to 
the time of starting of the propulsive wave at the sphincter and were presumably discharged 
by endings in that region. 
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shows a record from such an experiment. It will be seen that the contraction 
of the muscle corresponded to the phase of maximal stimulation of the ending. 
The impulse frequency of the discharge, however, began to rise before the 
muscle became active. 

Effect of gagging movements. Discharges occurred synchronously with 
the general contraction of the cervical oesophagus associated with gagging 
movements. 


| 


| 
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Fig. 8. Simultaneous recordings of the oesophageal electromyogram at the level of the 8th 
tracheal ring (upper record) and afferent nerve impulses from the oesophagus in a filament 
of the superior laryngeal nerve (lower record). The large nerve impulses were from an ending 
at the level of the 8th tracheal ring; it will be seen that the phase of maximum stimulation 
corresponded, in time, to the activity in the oesophageal muscle at that level. The volley of 
impulses in three other fibres at point marked X corresponded, in time, to the beginning of 
the propulsive wave at the sphincter and was p bly discharged by endings in that region. 


| DISCUSSION 

_ The activity of muscles which participate in the bucco-pharyngeal phase of 
the act of swallowing has been studied electromyographically by Doty & 
Bosma (1956) in the dog, cat and monkey. From their published results it 
_ appears that the general features of the activity of the thyrohyoid and crico- 
_ thyroid muscles in the dog are similar to those in the rat, except that the 
thyrohyoid muscle is quite inactive between swallowing movements in the rat, 
whereas in the dog it shows a low level of activity which is inhibited just before 
and after the contraction associated with the elevation of the larynx. 

An attempt has been made in Fig. 9 to show, in diagrammatic form, a 
summary of the efferent and afferent activities during a swallowing movement. 
As has already been indicated, some variation was found between animals in 
the duration and vigour of the muscular contractions and in the same animal 
during the course of an experiment. In particular, the vigour of the propulsive 
wave varied unpredictably and in many animals could not be elicited regularly. 
These differences are well known; Meltzer (1899) drew attention to the effect 
of the level of anaesthesia. It should be explained that in this diagram the 
activity in efferent and afferent fibres is displayed differently; in the case of 
the type 2 oesophageal efferents, the blocked-in area represents the duration 


of the multifibre volley, in the case of the oesophageal afferent, the activity of 
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a single fibre is shown. It is suggested that the multifibre volley in the afferent 
fibres is composed of such activities in individual fibres temporally dispersed ; 
an indication of this has been given in Figs. 7 and 8. 

The absence of detectable resting activity in the muscle below the level of 
the sphincter is of interest as it is sometimes implicit in descriptions of 
oesophageal activity that the propulsive wave is preceded by a zone in which 
the resting muscular activity is reduced. Visual observation indicates that the 
oesophagus is distended just in front of the ring of constriction but the eye 
cannot discern whether this is associated with an inhibition of resting tone or 

Respiration ’Expir. Insp. Expir. Insp. 


motor nerve 


Oesophageal 


Fig. 9. A summary, in diagrammatic form, of the events in afferent and efferent fibres during a 
swallowing movement containing a propulsive wave. The type 2 efferent activity shown is the 
duration of the multifibre volley. The oesophageal afferent activity indicated is that from a 
sphincter would be displaced to the left. 


is due entirely to passive inflation. The records from low cervical sensory 
endings (see Figs. 7 and 8) indicated a rising stimulus as the propulsive wave 
approached. The present results, which of course are only applicable to the 
cervical oesophagus with predominant striped musculature, only give evidence 
(the pause in the discharge of the type 1 efferents) for an inhibition of resting 
tone at the sphincter region. 

The increased activity of type 1 fibres during augmented respiration may 
be a response to prevent the entry of air into the oesophagus. As is well known, 
a sharp increase in the negative pressure in the thorax, such as may be pro- 
duced in man by making an inspiratory effort with a closed glottis, can draw 
air past the upper oesophageal sphincter. 

In the majority of experiments described the cervical oesophagus had been 
partly denervated, since it was necessary to cut the oesophageal nerves on one 
side in order to make suitable preparations for recording nerve impulses. No 
conclusion was reached as to the extent to which the oesophageal electro- 


dene 

it se 
par 

cons 

clea 

| T 

a first 

pre 
po 
the 
lati 

sho 

“activity 

‘ Type 1 enc 

: 

efferent activity of 

Oesophageal rel 

afferent 

| th 

co 

De 

fo 

| ac 

| 

| 

| 

4 | 8 

| 8 


INNERVATION OF THE OESOPHAGUS 739 


myogram was altered by the partial denervation; it was present on the 
denervated side and the propulsive wave was not altered qualitatively, though 
it seems likely that it had been weakened. Similarly, possible effects of the 
partial efferent denervation on the discharge of the sensory endings have to be 
considered. Further information on the arrangement of the innervation is 
clearly desirable. 

The discharge of the sensory endings was observed under two conditions; 
first, the steady stimulus produced either by the resting intra-oesophageal 
pressure (during qutet breathing the changes transmitted from the thoracic 
portion of the oesophagus were not important) or by the steady distortion of 
the oesophageal wall produced by a bolus; and secondly, the transient stimu- 
lation due to a propulsive wave. Results obtained under steady conditions 
showed that the endings were stimulated by stretch and were slowly adapting. 
The stimuli-used did not exclusively stimulate either the circular or longi- 
tudinal elements in the wall, but the potency of the small bolus suggests that 
some endings are associated with circular elements and the fact that some 


_ endings discharged with inspiration during vigorous breathing, when the 


oesophagus was stretched in its long axis, implicates endings associated with 
longitudinal elements. The discharge from an ending zone as a propulsive 
wave passed through it indicated a vigorous stimulation during the contraction 
of the muscle of the wall with a marked post-excitatory depression during the 
relaxation of the muscle. This suggests that the sensory ending is in series with 
the contractile elements. Whether the latter are functionally differentiated 
from the rest of the muscle, as in the skeletal muscle spindle, is not clear. 

The deployment and properties of the sensory endings detected are quite 
compatible with the view that they form the sensory basis of secondary 
peristalsis since they could supply the necessary continuous positional in- 
formation of a bolus in the cervical oesophagus. The introduction of a bolus 
into the oesophagus proved to be a very potent stimulus for these endings; 
action potential discharges of 200-300 impulses/sec could be obtained. 
Whether these endings play any essential part in primary peristalsis is not 
certain. Hwang (1954) studied the peripheral nervous pathways for secondary 
peristalsis of the cervical oesophagus of the dog by nerve section methods and 
came to the conclusion that the afferent fibres coursed through the upper 
recurrent laryngeal nerve to the communicating branch and thence to the 
superior laryngeal nerve. In the rat some of the afferents go directly to the 
branches of the superior laryngeal nerve, but apart from this, these experiments 
support his conclusion. 
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SUMMARY 


1. Activity in afferent and efferent fibres serving the pa oesophagus 
has been studied in the rat at rest and during swallowing movements. 

2. Two types of efferent were detected, the first innervated the upper 
oesophageal sphincter region and carried a tonic discharge which was briefly 
interrupted during the pharyngeal phase of a swallowing movement, the 
second was responsible for the propulsive wave in the cervical oesophagus. 

3. Slowly adapting stretch-sensitive endings connected to small myelinated 
fibres were detected in the wall of the cervical oesophagus. These produced a 
resting discharge which was influenced by the intra-oesophageal pressure. 
They responded with an increased discharge to the presence of a bolus in the 
cervical oesophagus. They may form the sensory basis for secondary peristalsis. 

4. The propulsive wave stimulated the sensory endings as it passed through 
their zones of innervation. The progress of the propulsive wave along the 
cervical oesophagus is thus signalled by the’ sequential stimulation of the 
endings. 


I wish to thank Professor G. H. Bell for his interest in this work. 
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PITCH-INTENSITY DEPENDENCE AND ITS RELATION 
TO THE THRESHOLD OF HEARING FOR 
HIGH FREQUENCIES 


By PRISCILLA H. STRANGE 


From the Visual Research Division, Medical Research Council 


Ophthalmological Research Unit, Institute of Ophthalmology, 
Judd Street, London, W.C.1 


(Received 25 July 1956) 


It has been shown (Strange, 1955) that a threshold defect of the ‘4000 c/s dip’ 
type is usually accompanied by a defect of pitch. This takes the form of a 
marked dependence on intensity of the pitch of certain pure tones. The 
dependence is limited in each case to a narrow band of frequencies close to 
the limited region of raised threshold. It is of interest to see whether such 
pitch-intensity dependence is also associated with other types of threshold 
irregularity, and to confirm that it does not occur when the audiogram is very 
level. 

In the present work the type of slight perceptive deafness examined is a 
hearing loss at the highest frequencies of the audiogram. For comparison, 
similar tests have been done on subjects selected for their very level audio- 
grams and their good hearing up to 12,000 c/s. ; 


METHODS 


Apparatus was essentially the same as that used for the earlier tests (Strange, 1955). It was 
designed to produce two pure tones in quick succession from a single earphone, each tone being of 
1 sec duration, an interval of 2 sec separating one pair of tones from the next. The tones were 
independently controlled in frequency and in intensity. For some of the pitch tests, Hewlett- 
Packard 206A.G. oscillators were used in the place of the B.S,.R. oscillators used before. In- 
dividual results were the same when repeated with the two oscillator systems. The audiometer 
was the Amplivox used before. 

Subjects, The subjects were volunteers from the staff of the Institute of Ophthalmology, 
selected on the basis of the threshold audiogram. They were chosen with threshold curves of the 
following two types: (a) those sloping downward towards the highest frequencies, with the 
greatest hearing loss at 12,000 c/s—these audiograms are typical of advancing age, although 
some of the subjects exhibiting this type were under 30 years of age; and (5) those level on the 
audiogram chart, with no abrupt steps or dips in the curve, i.e. none greater than 10 db, between 
1000 and 12,000 o/s inclusive. 
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Technique. Subjects chosen from their air-conduction threshold audiogram performed the pitch 
find a frequency of the second tone which had the same pitch as the tone. 

tha Each shaded bar stands for the first tone, 
which was always of constant intensity, and of a frequency midway between the extremes of 
frequency of the second tone. Each black bar stands for the second tone of a pair, all of the same 
intensity during one test, but usually of a greater intensity than the first tone. The second tone 
took each of the ten possible frequency values five times in the course of a test, so that the subject 
had five chances of judging its pitch with reference to that of the first tone. From the distribution 
of these judgements, that frequency of the second tone which had the same pitch as the first tone 
was found by interpolation. 

A set of tests, in which the first tone was constant and the second tone took a different intensity 
value in each test, thus yielded a set of tones all of the same pitch, but of different intensities. 
Plotted on a logarithmic diagram of frequency against intensity, a straight line may be fitted to 
these points, whose slope is a measure of the degree of dependence of pitch on intensity. The 
details of this calculation are in the previous paper (Strange, 1955). Tests were performed for each 
subject with the standard frequency 4000 and 6000 c/s. A more detailed study of some individuals 
was made at frequencies between 1000 and 8000 c/s. 


- 

- 

Seconds 


Fig. 1. Pattern of stimulus presentation. Each bar represents a pure tone of 1 sec duration. 


RESULTS 


In Fig. 2 the threshold of hearing is compared with the results of pitch tests 
at frequencies above 1000 c/s. The upper graph of each pair is the thres- 
hold audiogram for frequencies between 1000 and 12,000 c/s, on the basis of 
which subjects were chosen. Each circle represents the threshold of hearing in 
terms of the calibration of the audiometer. Thus subjects in Fig. 2A have each 
some degree of hearing loss which is greatest at the highest frequencies tested, 
while subjects in Fig. 2B have no significant threshold defect. 

In the lower graph of each pair, solid points show the slope of each straight 
line of constant pitch, plotted against the frequency of the standard tone used 
to obtain it. The unit of slope is 10-* octaves per decibel, which means that a 
value of 1 unit on the ordinate scale corresponds to a slope of #4 octave in 
100 db, The slope is taken as positive when the pitch becomes higher as the 
intensity is increased. 

Fig. 2 should be considered together with the corresponding diagram for 
subjects with the 4000 c/s dip type of deafness (Strange, 1955, Fig. 3). It is 
clear that at frequencies above 1000 c/s large values of the slope accompany 
both types of threshold defect, and are not found when the audiogram is very 
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level. The frequency of greatest pitch change does not often coincide with the 
frequency of greatest hearing loss, but is usually close to it. In the case of a 
high-frequency hearing loss the pitch changes are always positive, so that the 
pitch, in becoming higher with increasing intensity, moves towards the de- 
fective region. In the previous tests, on subjects with a local threshold defect, 
the pitch was found to move away from the defect with increasing intensity. 
The individual shape of the graph of pitch changes varies considerably, but it 
should be remembered that nothing is known about the threshold of hearing 
at frequencies above 12,000 c/s. 


Taste 1. Number of subjects giving slopes within each 0-5 unit interval — 
Slope (a) High-frequency loss (b) Good hearing 


(10-* octaves/ ~ 
db) 4000 o/s 6000 c/s 4000 o/s 6000 c/s 
-10 
-0-5 l l 2 

0-0 8 1 9 8 
0-5 5 2 5 9 
1-0 1 1 4 3 
1-5 1 4 
2-0 l 4 
2-5 1 2 
3-0 
3-5 
4-0 l 
4-5 1 
5-0 
65 
6-0 l 
6-5 
7-0 
75 
8-0 
8-5 1 
9-0 
9-5 1 
10-0 
Total 20 20 20 20 


Pitch changes, when they occurred at all, were most often found in the 
frequency region of 4000 to 6000 c/s. Table 1 shows the results of tests at 
these two frequencies for 40 ears. There is no instance at either frequency of a 
value of the slope greater than 1-25 units for a subject with a level audiogram. 
Large values of the slope are common for the group with a high-frequency 
hearing loss, and, at 6000 c/s, fifteen out of the twenty ears gave a slope 
greater than 1-25 units, There were no negative values of slope. 
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DISCUSSION 


These results show that at frequencies between 1000 and 8000 c/s it is indeed 
abnormal for the pitch of a pure tone to be dependent on intensity to any 
great extent. The author's earlier work (Strange, 1955) suggested very strongly 
that this was so, both because the magnitude of the pitch changes increased 
with the hearing loss, and because pitch was almost independent of intensity 
outside a limited frequency range close to that of the threshold defect. It is 
now shown that in the absence of such a dip in the audiogram, and of any other 
obvious threshold defect, the pitch of pure tones is hardly affected by intensity. 
It is clear that a dip in the audiogram is not the only type of defect with 
associated pitch changes. The importance of the sensitivity of the ear to a 
frequency of 12,000 c/s comes as a surprise, since this frequency is rarely 
tested during routine audiometry. 

This raises the question of the possible influence of a threshold defect at an 
even higher frequency on the pitch of high-frequency tones. Such a defect 
would be equivalent to a lowering of the upper limit of hearing. It is not yet 
clear whether the normal upper limit of hearing has any effect on pitch at the 
extreme end of the audible frequency range. It would be very difficult to find 
out if this were so, because of poor frequency discrimination above 8000 c/s. 
In the case of deafness to high frequencies it is remarkable that the pitch 
always becomes higher with increasing intensity, thus ‘moving towards the 
defect’, whereas in the case of a hearing loss at 4000 c/s, the pitch of pure tones 
on either side of the defect tends to move away from the defect with increasing 
intensity (Strange, 1955). If a varying degree of pitch distortion is the usual 
accompaniment of perceptive deafness, it may be an explanation of the dis- 
crepancy reported between speech discrimination and pure tone tests (Harris, 
Haines & Myers, 1952, 1955). 

SUMMARY 

1. The influence of intensity on the pitch of a pure tone has been examined 
in the neighbourhood of a hearing defect at high frequencies, and similar 
tests were made on subjects who had good hearing at frequencies up to 
12,000 o/s. 

2. For each subject with a hearing defect some pure tones became markedly 
higher in pitch with increasing intensity, whereas for the control group pitch 
was almost independent of intensity. 

3. It is concluded that it is abnormal for the pitch of a pure tone between 
1000 and 8000 c/s to be dependent on intensity. 

4. The defect of pitch accompanies both the ‘high-frequency loss’ and the 
‘4000 c/s dip’ types of perceptive deafness. 7 
5. Distortion of pitch may explain the discrepancy between speech dis- 
crimination and pure tone tests. 
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I should like to thank all the volunteers for the tests, especially those whose initials appear in 
the diagrams. I am also grateful to Dr H. J. A. Dartnall for his helpful criticism. 
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PROCEEDINGS OF 
THE PHYSIOLOGICAL SOCIETY 


DEPARTMENT OF PHYSIOLOGY, 
THE MEDICAL SCHOOL, BIRMINGHAM 


21-22 September 1956 t 

The similarity of the protein mixtures derived from serum by 
selective ultrafiltration to the urine proteins in the nephrotic 
syndrome. By D.8. Rowe. Department of Experimental Pathology, 
University of Birmingham 

‘Membranes were prepared from nitrocellulose type HL120/170 (Imperial 

Chemical Industries) by the method of Wells (1932), modified by decreasing 

the water content of the final swelling mixture to 2-5-3-5 ml./100 ml. These 


+1 atmosphere pressure 
Filling tube 
and clamp 
/ 
O 
2 B.A. bolt 4 
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Upper surface of lower 
Perspex plate 
Cross-séctional diagram 
1 in. 


Fig. 1. Ultrafilter, formed from three § x3 x3 in. Perspex plates, the upper two of which are 
cemented together. The grid forming the membrane support is cut approximately 0-005 in. deep. 
membranes permitted the serum proteins to appear in low concentration in 
- their ultrafiltrates. They were supported for ultrafiltration in an apparatus 
made chiefly from Perspex, as shown in Fig. 1. About 10 ml. of ultrafiltrate 
was obtained in 1 hr using a pressure of | atm. 
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The protein mixtures were characterized by paper electrophoretic (Hard- 
wicke, 1954) and immuno-electrophoretic (Grabar & Williams, 1953; Gell, 
1955) analyses, and by their number average molecular weights (My) derived 
from colloid osmotic pressure measurements (Rowe, unpublished observations). 

The proteins in a sample of normal serum had an My of 77,000, and con- 
tained 67% albumin. The ultrafiltrate from this serum had an My of 68,000, 
and contained 75% albumin. A serum from a case of nephrosis gave values for 
My and albumin percentage of 123,000 and 27%, compared with its ultra- 
filtrate values of 67,000 and 70%. These ultrafiltered protein mixtures were 
strikingly similar to the proteins appearing in the urine in cases of nephrosis, 
a typical analysis of which was My 63,000 and 80% albumin. Ultrafiltration 
of the urine proteins produced either no significant change or a slight fall in the 
My values, with the albumin percentages unchanged. 

The immuno-electrophoretic analyses were made by Dr P. G. H. Gell. Com- 
pared with the parent sera the ultrafiltrates showed a reduction in the number 
of protein components in the «- and 8-globulin mobility groups, and resembled 
the urine proteins in this respect. A notable feature was the absence of the 
high molecular weight f-lipoprotein from the serum ultrafiltrates and from the 
urine. The urine ultrafiltrates showed little change in number of components, 
but demonstrated a relative increase of «,-globulin. 

These studies show thai it is not necessary to postulate any mechanism other 
than that of selective ultrafiltration, presumably by the glomerular membrane, 
to account for the composition of the protein mixture appearing in the urine in 
cases of nephrosis. 


I am indebted to Dr P. G. H. Gell for the i lectrophoretic analyses. This work was 
done during the tenure of a grant from the Medical Research Council. 


REFERENCES 
Gell, P. G. H. (1955). J. clin. Path. 8, 269. 
Grabar, P. & Williams, C. A. (1953). Biochim. biophys. acta, 10, 193. 
Hardwicke, J, (1954). Biochem. J. 57, 166. 
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Excitation and inhibition in the auditory pathway. By J. T. ALLANSON 
and I. C. WHITFIELD 
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The symphysis pubis in mice in which pregnancy was maintained 
after ovariectomy by injecting progesterone alone or with 
oestradiol and relaxin. By Karatzen Haiti. Department of Physio- 
logy, The Medical School, University of Birmingham 


During the last week of normal pregnancy in mice, the two halves of the pelvis 
undergo lateral displacement at the symphysis pubis, and the narrow, rigid, 
intensely metachromatic cartilaginous symphysis is replaced by a pliable band 
of connective tissue 4—6 mm wide (Hall & Newton, 1946). This displacement is 
produced by relaxin acting on a symphysis which during the second week of 
pregnancy has been made more pliable by the action of oestrogens in depoly- 
merizing or otherwise breaking down the molecules of chondroitin sulphate, 
a process which is accompanied by swelling of the matrix and by loss of 
metachromatic staining property, and which is apparently dependent upon 
a relatively high oestrogen/progesterone ratio in the body (Hall, 1954, 
1956). 

Mice ovariectomized on the 14th or 15th day of the first pregnancy were main- 
tained pregnant by daily injections of progesterone alone or in combination 
with oestradiol or relaxin or both. When progesterone was given alone, no lateral 
displacement of the innominates occurred after ovariectomy. Metachromasia, 
which at the time when the ovaries were removed was beginning to fade from 
the symphysial cartilage, gradually returned, swelling of the matrix decreased, 
and at full term the symphysis was relatively rigid. When oestradiol was also 
given, loss of metachromasia and swelling of matrix was maintained and there 
was usually some resorption of bone from the innominates. Although the 
innominates failed to separate, the symphysis was usually less rigid than with 
progesterone alone. If progesterone was given in combination with relaxin, 
progressive separation of the innominates took place, but the gap was not as 
wide as in normal pregnancy and was usually bridged by moderately meta- 
chromatic cartilage instead of connective tissue. When all three hormones were 
given the changes at the symphysis generally followed the normal pattern 
though with the combinations of dosages used the innominates did not usually 
separate to the full extent and there was sometimes a deficiency of collagen 
fibre production within the gap. The most normal sequence of changes occurred 
when the amount of progesterone (given with oestradiol and relaxin) was only 
0-25 mg/day, but this combination failed to maintain pregnancy to full term. 


REFERENCES 
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Perfusion of the isolated rat heart. By E. J. Hamiry. Department of 
Physiology, The Medical School, University of Birmingham 


A series of results and two preparations are demonstrated comparing the 
advantages of the Starling heart-lung preparation over the Langendorff 
heart perfusion when both are modified for use with the rat heart in studies of 
the relationships existing between temperature, pressure, heart-rate, vagus 
activity and electrocardiograms. 


Construction of an electro-titration apparatus by modification of 
a Conway burette. By L. J. Evans and K. Wurre. Department of 
Physiology, The Medical School, University of Birmingham 

Two Conway burettes are mounted on the same stand so that the jets are 

about 0-5 cm apart. One burette serves for the delivery of acid and the other 

of alkali. The pH value is measured by a commercial glass electrode and 

a capillary salt bridge, closed by a ground-glass sleeve at one end and con- 

nected to a calomel electrode at the other. The glass electrode and salt bridge 

are clamped close to the burette jets, together with a capillary tube delivering 
nitrogen for the purposes of stirring and excluding carbon dioxide. The titra- 

tion vessel is a flat-bottomed specimen tube (50 x 19 mm). 

Replicate titrations of 3 mg benzoic acid in a volume of 4 ml. showed the 

apparatus to have an accuracy of 99%, (+8.p. 1-5%). 


An instrument for measuring refractive errors. By H. M. F. Asuzr. 

Department of Physiology, The Medical School, University of Birmingham 
The three quantities to be measured, namely, strength of sphere, strength of 
cylinder, and direction of axis of cylinder, are all made continuously 
variable. 

Light from an illuminated lantern slide representing a test chart passes 
upwards through a convex lens, and then meets a half-silvered mirror inclined 
at 45° to the vertical which reflects the light horizontally. It now passes 
through a device known as a ‘variable cross-cylinder’, and enters the eye of 
the patient. The patient sees an image of the chart apparently projected into 
the room. 3 

The variable cross-cylinder consists of a +2 D and a —2D cylindrical lens 
mounted so that by turning a knob they rotate in opposite directions. When 
the two lenses lie with their axes parallel, the combination has zero power, and 
when they are at right angles they constitute the equivalent of a —4D 
cylinder combined with a +2 D sphere. Thus the strength of the cylinder is 
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continuously variable from 0 to 4D. The axis of the cylinder is varied by 
rotating the variable cross cylinder unit as a whole. 

The spherical component is varied by raising or lowering the illuminated 
lantern slide. 

When the three controls have been set, the refractive error is read from 
scales. 

The apparatus is in two halves, one half for each eye. The lantern slides are 
drawn with framing lines common to the two pictures. This effects binocular 
lock, and ensures correct fixation. Different sets of letters may be drawn on the 
lantern slides, so that in the composite picture one set appears on the left and 
the other on the right. Thus the eyes are tested separately while both are 
functioning. The device will also function as a stereoscope, and may be used 
for binocular tests and measurements of latent squint. 


My thanks are due to Mr H. Harding for building the apparatus. 


The influence of intrapulmonary pressures on the heart rate. 
By M. Manzorti. Department of Physiology, The Medical School, 
University of Birmingham 
The heart rate is electronically recorded by an apparatus (Manzotti, 19562) 
that displays a potential proportional to the reciprocal of the time interval 
between two consecutive QRS complexes. The principle on which the machine 
works is based on the fact that the hyperbola 1/time can be satisfactorily 
(+3% error) approximated by properly adding to RC networks of suitable 
time constants. Delay and trigger circuits provide the necessary timing of 
events for charging the condensers and brightening the CRT beam just before 
the QRS complex. The range is 40-200 beats/min and the delay—0-01 sec—is of 
no importance because it is constant. 

The intrapulmonary pressure is recorded by a mechanical-electrical trans- 
ducer (Manzotti, 19565), in which the movement of a pair of bellows is rigidly 
transmitted to a probe electrode plunged into a current field. The potential 
displayed by the electrode with respect to a fixed point in the field depends, 
ceteris paribus, on its position in the field. Any movement of the bellows is then 
transformed into a variation of potential on the probe electrode that, under 
proper circumstances, can be made proportional. 

The connexion between the manometer and the subject’s lungs is simply made 
by introducing the connecting rubber tube deeply—about 3 in.—into the 
subject’s mouth. This is sufficient to prevent the glottis from closing with the 
consequence of a wrong reading of the intrapulmonary pressure. 

The subjects are requested to exercise a negative or positive pressure by 
sucking or blowing into a small closed system represented by the above- 
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mentioned pair of bellows and by a water manometer connected to them, and 
to hold that pressure at a predetermined value, to be read on the water 
manometer, for a sufficiently long time. 


REFERENCES 
Manzotti, M. (1956a). Electron. Engng (in the Press). 
Manzotti, M. (19565). J. Sci. Instrum, (in the Press). 


Reversal and relief pictures produced with blood films. By 
W. Meyerstein. Department of Physiology, The Medical School, Uni- 
versity of Birmingham 


Some renal effects of hypothalamic lesions in the rat. By R. J. 


Keeter. Department of Physiology, The Medical School, University of 
Birmingham 


A method for studying the effect of drugs on arousal responses in 
the cat. P. B. Braptey and B. J. Key 


The effect of different decalcifiers on subsequent staining of bone, 
cartilage and connective tissues with the metachromatic dye, 
toluidine blue. By Karstzzn Hai. Department of 
The Medical School, University of Birmingham 


A pea-shooter test for eye dominance. By H. M. F. Asner 


Post-tetanic enhancement of action potential in vitro. By 0. Hotmzs. 
Department of Physiology, University College London 
Brown & Holmes (1956) demonstrated post-tetanic enhancement of action 
potential in mammalian C-fibres in vivo at 37° C. The conditions necessary for 
recording the phenomenon in the C-fibres of the cat hypogastric nerve in vitro 
at 37°C beneath liquid paraffin bubbled with a gas mixture of 95% O, and 5% 
CO, have now been elucidated. During preparation careful dissection is 
essential for the preservation of the phenomenon. The degree of enhancement 
after standard conditioning trains of stimuli declines during the first hour after 
removal from the body from 100 to 60% approximately, and thereafter 
remains constant for at least 30 hr. Immersion of the nerve beneath Locke’s 
or Krebs’s solution between recordings does not affect the phenomenon. If the 
nerve is immersed in Locke’s solutions of which the concentration of certain 
ions is varied, the phenomenon of post-tetanic enhancement can be modified. 
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A progressive increase in the potassium concentration of the Locke’s solution 
towards five times the normal plasma potassium concentration results in 
diminution and eventual abolition of post-tetanic enhancement. The pheno- 
menon returns if the nerve is reimmersed in normal Locke’s solution. Immer- 
sion of the nerve in Locke’s solution containing a concentration of potassium 
which diminishes but does not abolish the post-tetanic enhancement produces 
a decline of enhancement within 10 min of immersion; further immersions 
lasting for 2 hr produce no further decline of enhancement. This suggests that 
10 min is sufficient time for equilibration of the interstitial fluid of the nerve 
with the surrounding Locke’s solution. 

Immersions of the nerve in Locke’s solutions containing wide variations in 
ionic concentrations of sodium, magnesium and calcium for periods of at least 
half an hour have no effect on the post-tetanic enhancement. The extremes of 
concentration tried were: 

Sodium : 0-25-1 of the normal plasma concentration. The osmotic pressure 
was kept normal by an appropriate concentration of lactose. 

Calcium: 0-8 times the normal plasma concentration. 

Magnesium: 0-8 times the normal plasma concentration. 


Variation of the pH between 5 and 9 was similarly without effect. 

Hodgkin & Keynes (1955) showed that a concentration of 0-1 mm dinitro- 
phenol poisoned the sodium pump of giant axons in Sepia. In the cat’s hypo- 
gastric nerve i vitro, this concentration of dinitrophenol has no effect on the 
degree of post-tetanic enhancement, but it does delay the appearance and 
decay of enhancement after the conditioning stimuli. 

It is suggested that post-tetanic enhancement may be due to a transient 
increase in permeability of the membrane to potassium as a result of the 
passage of the train of impulses. 


Brown, G. L. & Holmes, O. (1956). Proc. Roy. Soc. B, 145, 1-14. 
Hodgkin, A. L. & Keynes, R. D. (1955). J. Physiol. 128, 28-60. 


The intestinal absorption of radioactive glucose. By B. J. Parsons 
and D. H. Smytx. Department of Physiology, University of Sheffield 
It is generally assumed that glucose is absorbed from the intestine by an active 
process, but the form in which the actively transferred glucose appears in 
the blood stream has never been demonstrated with certainty. Hestrin-Lerner 
& Shapiro (1954) claimed that in both in vivo and in vitro experiments, the 
glucose was transferred as some unidentified product which was neither 
glucose nor lactic acid. This claim could not be substantiated in im vitro 
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experiments by Newey, Smyth & Whaler (1955), and the following experiments 
were undertaken to study the problem in vivo. It was of particular interest 
to examine the evidence for the suggestion of Wilson & Wiseman (1954) that 
some glucose might be transferred as lactic acid. 

Dogs were anaesthetized with pentobarbitone sodium, and the venous blood 
from an intestinal loop was collected by the technique of Matthews & Smyth 
(1954). Evenly labelled “C glucose in low concentration was introduced into 
the intestine, and the total blood from the loop collected over a period of 
30 min. The contents of the loop were washed out, and the residual glucose 
determined. The total glucose and lactic acid in the collected blood were 
estimated. The rest of the blood was deproteinized and extracted with ether. 
The ether-soluble fraction, containing lactic acid, was oxidized with ceric 
sulphate and the acetaldehyde formed was collected as the 2-4-dinitrophenyl- 
hydrazone, plated and counted. The glucose in the water fraction was purified 
by ion exchange, followed by chromatography on a cellulose column. It was 
then combusted, plated and counted as barium carbonate. The specific activities 
(with appropriate corrections) were compared with that of the original glucose, 


and hence the amount of radioactive glucose and lactic acid in the blood was — 


estimated. In six experiments it was found that about 80% of the radioactive 
glucose disappearing from the intestine could be accounted for as radioactive 
glucose in the blood, and about 10% as radioactive lactic acid. 

These experiments offer no support for the view of Hestrin-Lerner & 
Shapiro. They support the view of Wilson & Wiseman that some fraction of the 
glucose absorbed by the intestine may appear as lactic acid, although it would 
seem that in im vivo conditions, the fraction appearing as lactic acid is con- 
siderably smaller than in in vitro conditions. Since these experiments were 


completed a preliminary account of some work by Kiyasu & Chaikoff (1956) 
describes somewhat similar results. 


REFERENCES 
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The action of adrenaline on the vasomotor mechanism. By J. J. 
Jones and R. J. $8. Department of Physiology, King’s College, 
University of London 3 

The fact that adrenaline dilates the vessels of the muscles of the cat and of man 

is now well recognized, but in view of the fact that section of the sympathetic 

in both brings about vasodilatation, the problem of how the adrenaline acts is 
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of some interest. Several workers have suggested that there is an inhibition 
of the vasomotor centre as a result of the rise of arterial blood pressure stimu- 
lating the baroreceptors. This undoubtedly plays a part, but the following 
experiments indicate that it is not the complete explanation. 

Thus when the skinned hind leg of a cat (anaesthetized with chloralose) 
attached to the body by nerves only, is perfused with Krebs’s solution, the 
intravenous injection of adrenaline into the body of the animal brings about 
a dilatation of the blood vessels of the skinned leg after all the baroreceptors 
have been put out of action by cutting both vagus nerves and by occluding 
the carotid arteries. Also if $ug of adrenaline is injected into an etherized 
animal there is a dilatation of the leg, although the arterial blood pressure 
may have fallen. 

These results suggest that adrenaline may partly produce its effect on the 
muscles by inhibiting the vasomotor centre, its pathways, or ganglia. The 
depressant effect of adrenaline on sympathetic ganglia has already been 
described by Marazzi (1939), Biilbring & Burn (1942), and by others. 


REFERENCES 
Bilbring, E. & Burn, J. H. (1942). The action of adrenaline on ganglia. J. Physiol. 101, 289-303. 
aia” The action of sympathomimetic drugs on sympathetic ganglia. J. Pharmacol. 


Spinal cord potentials due to stimulation of cutaneous nerves. 
By A. Fernanpez pe Mouina and J. A. B. Gray. Department of 
Physiology, University College London 

Records have been obtained from the first sacral segments of the cords of 

spinal cats through an extracellular capillary electrode during stimulation of 

the sural nerve; similar results were obtained from sixth lumbar segments 
during stimulation of the saphenous nerve. Apart from the incoming volley 
the negative potential recorded was in three phases. 

The first phase reached its peak in less than 1 msec after the negative peak of 
the incoming volley; its time course, until it became obscured by the second 
phase, was similar to the potential of the intermediate nucleus that results 
from stimulation of the nerve of gastrocnemius. The first phase was biggest in 
the region of the internal basilar nucleus; only a small afferent volley was 
required for a maximal response; it was depressed by Nembutal or repetitive 
stimulation at 100/sec (though well maintained at 10/sec); it showed occlusion 
on stimulation of tvo branches of the sural nerve. This phase of activity cannot 
be in the primary neurones, and its time course and similarity to the inter- 
mediate nucleus potentials (cf. Eccles, Fatt, Landgren & Winsbury, 1954) 
suggest that it arises in secondary neurones. Its afferents are the largest 
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from the skin, probably those from hair follicles; the efferent pathway is 
unknown. 

The second phase reached its peak between 1-5 and 3 msec after the negative 
peak of the incoming volley and returned to base line after about 8 msec. It 
could be seen as a negative deflexion over most of the dorsal half of the grey 
matter and as a positive deflexion in the ventral half; it had, however, a clear 
and relatively sharp maximum somewhat dorsolateral to the centre of the 
dorsal horn. This phase began to appear at very small values of stimulus 
strength and was maximal at a value greater than that required for a maximum 
phase one, but less than that required for a maximal A complex of the incoming 
volley as recorded simultaneously in a dorsal root. This phase was more easily 
depressed than phase one by Nembutal and repetitive stimulation, but was 
maintained at 10/sec; occlusion was demonstrated. This phase is presumed to 
be due to the activity of post-synaptic neurones, whose axons are running into 
the ventral horn; it is activated by relatively large fibres and appears to be the 
basis of Bernhard’s (1952) N11 potential. 

The third phase reached its peak 8-10 msec after the incoming volley and 
was maximal at a point ventral to that of the maximum of phase two. It 
required large afferent volleys to produce it and was abolished by repetition 
at 10/sec. The afferents presumably include nociceptive fibres from the skin. 


REFERENCES 
Bernhard, C. G. (1952). Acta physiol. scand. 29, Suppl. 106, 1-29. 
Eccles, J. C., Fatt, P., Landgren, 8. & Winsbury, G. J. (1954). J. Physiol. 125, 590-606. 


The effects of various corticosteroids on the isolated ceetaanaiien 


heart. By P. A. Nasmytu. Department of Pharmacology, St Mary’s 
Hospital Medical School, Paddington, London, W. 2 


In 1954 Hoffman described the effects of Percorten (DCA) and cortisone on 


the isolated hearts of the frog and the guinea-pig. Concentrations of 10~-* to 
5 x 10-* of DCA were described as having a stimulant action on the frog and 
guinea-pig hearts, while higher concentrations up to 2-5 x 10-* were depressant. 
The stimulant action of cortisone was less marked and the drug produced 
a constriction of the coronary vessels. More recently, the effects of cortisone 
and hydrocortisone on the isolated rabbit heart have been reported by Booker, 
Da Costa, Mitchell & Shelton (1956). The over-all effect in their experiments 
was depression of the ventricular efficiency unrelated to coronary flow. 

The purpose of the present experiments was to determine the effects of 


lower concentrations of the corticosteroids, more nearly a roaching those 
found in the plasma. Bia 
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In the early experiments, guinea-pig hearts were perfused by the Langen- 
dorff method using a modified Krebs’s solution, containing sodium dihydrogen 
phosphate instead of the potassium salt. The force and rate of beating, the 
coronary flow, and the response to doses of adrenaline were recorded. When 
the perfusion fluid was changed to one containing a mixture of DCA (10~’) and 
hydrocortisone (10-"), the force and rate of the heart beat were both reduced, 
while the coronary flow was usually increased. 

The responses of the heart muscle to doses of adrenaline were reduced in the 
presence of the above concentrations of DCA and hydrocortisone, while the 
coronary responses, which were normally constriction followed by dilatation, 
became smaller and constrictor only. When the perfusion fluid was again 
changed to one not containing corticoids, there was incomplete restoration of 
the muscle action and little or no restoration of the coronary responses. The 
same effects were observed using the rat heart, but it appeared to recover more 
effectively than the guinea-pig heart. 

DCA alone at a concentration of 10~-’ produced the same effect as the mixture 
described above, but it caused no reduction in the force of the beat. Hydro- 
cortisone (10-*) used alone produced effects exactly like those described for the 
mixture of hydrocortisone and DCA. Corticosterone at a concentration of 
10-* produced effects like hydrocortisone on the hearts of the rat and the 
guinea-pig. 

Using flame photometry, no change could be detected in the concentration 
of potassium in the perfusate when hydrocortisone (10-*) was added. How- 
ever, when adrenaline was injected, the concentration of potassium increased 
in the perfusate. The increased concentration of potassium which accompanied 
the stimulant action of adrenaline on the heart was not altered, despite the 
fact that the latter was reduced by hydrocortisone. 


REFERENCES 
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The location and possible function of tissue 5-hydroxytryptamine 
in the rat. By J. R. Parratr and G. B. West. Department of 
Pharmacology, School of Pharmacy, University of London 


Since over half of the total 5-hydroxytryptamine (5-HT) content of the adult 
rat resides in the skin, it is important to locate the part of the skin where it is 
concentrated so that its presence may provide a clue as to its possible physio- 
logical function. 

When rat’s skin is scraped to separate the subcutaneous layers completely 
from the outer epithelium, the major portion of the mast cells and histamine 
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are removed with the inner scrapings. However, the 5-HT content of the outer 
epithelium greatly exceeds that of the scrapings, so that mast cells do not 
appear to be the only source of 5-HT in the skin of the rat. Similarly, in the 
feet, the skin of the pads contains fewer mast cells and less histamine than the 
dorsal skin but its 5-HT content is higher. 


of rat tissues compared with the 5-HT content (ug/g) 


relative mast cell content 
Tissue Histamine 5-HT Mast cells 
Ears 41 1-0 +++ 
Dorsal skin of feet 41 10 +++ 
Abdominal subcutis 40 0-8 +++ 
Pads of feet 16 15 + 
Abdominal epithelium 9 16 + 
Spleen 2 2-8 0 


Compound 48/80 disrupts mast cells in the skin, releasing histamine and 
5-HT and producing widespread oedema (Parratt & West, 1956). Intraperi- 
toneal injections of egg-white likewise reduce the histamine and 5-HT levels, 
producing marked oedema of the paws and skin. When egg-white is given 
following 48/80 treatment, no oedema results (Feldberg & Talesnik, 1953), 
since both amines have been released. Reserpine depletes the skin of its 5-HT 
without markedly affecting its histamine content or producing oedema. After 
reserpine, egg-white also fails to produce oedema although histamine is 
released. Hence both histamine and 5-HT need to be released to produce 
oedema. This suggests that 5-HT is one of the mediators of the reaction of the 
skin to egg-white. 

REFERENCES 


Feldberg, W. & Talesnik, J. (1953). J. Physiol. 120, 550-568. 
Parratt, J. R. & West, G. B. (1956). J. Physiol. 182, 40-41 P. 


The effect of strychnine on inhibition in a sensory pathway. 


By J. T. Atuanson and I. C. Wurrrietp. Department of Physiology, 
University of Birmingham 


The discharge of a single unit in the auditory pathway brought about by 
a stimulating tone can usually be inhibited by some second tone sounded 
simultaneously (Galambos, 1944). Tasaki (1954) was unable to find any evi- 
dence for inhibition at the periphery in records taken from the auditory nerve, 
but inhibition is readily recorded in the efferent pathway from the cochlear 
nucleus (Whitfield, 1955). It seems likely, therefore, that the cochlear nucleus 
is the site of this inhibition. Eccles and his co-workers (Bradley, Easton & 
Kecles, 1953; Eccles, Fatt & Koketsu, 1954) have shown that the inhibition 
which takes place at the anterior horn cells of the spinal cord is reduced or 
abolished by strychnine. | 
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- Using the technique of Hilali & Whitfield (1953), we have studied the 
inhibitory effect of a second tone on the discharge produced by a first, before 
and after treatment with strychnine. Both anaesthetized (Dial) and decere- 
brate cats were used. The strychnine was given in the form of the sulphate, 
either by intravenous injection or by topical application (3°, solution) to the 
surface of the brain stem over the nucleus. Intravenous dosage ranged from 
0-08 mg/kg up to the convulsive level (up to 0-4 mg/kg). In no case was there 
the slightest change in the degree of inhibition, either during or following the 
administration of the drug, and further examples of inhibitory activity in 
other units could be found subsequently. 

It would appear, therefore, either that the mechanism of the inhibition is 
different from that found at the anterior horn cell, or the site of the inhibition 
is well shielded from external chemical influence by the drug. 


This work has been aided by a grant from the Royal Society. 


REFERENCES 


Bradley, K., Easton, D. M. & Eccles, J. C. (1953). J. Physiol. 122, 474-488. 
Eccles, J. C., Fatt, P. & Koketeu, K. (1954). J. Physiol. 126, 524-562. 
Galambos, R. (1944). J. Neurophysiol. 7, 287-303. 

Hilali, 8. & Whitfield, I. C. (1953). J. Physiol. 122, 158-171. 

Tasaki, I. (1954). J. Neurophysiol. 17, 97-122. 

Whitfield, I. C. (1955). J. Physiol. 128, 15P. 


Sympathetic cholinergic fibres producing vasodilatation in forearm 
skin. By I. C. Roppre, J. T. SaerHerp and R. F. Wuetan. 
Department of Physiology, The Queen’s University of Belfast 

The increase in forearm blood flow during body heating is confined to the skin 
vessels (Barcroft, Bock, Hensel & Kitchen, 1955; Edholm, Fox & Macpherson, 
1956; Roddie, Shepherd & Whelan, 1956a). These vessels are supplied with 
vasodilator nerves (Grant & Holling, 1938; Edholm et al. 1956; Roddie et al. 
19565) and vasoconstrictor nerves (Roddie et al. 1956). The results of the 
following experiments suggest that the vasodilator fibres to forearm skin are 
cholinergic. In eight subjects the blood flow through both forearms was 
measured by venous occlusion plethysmography before and during body 
heating, and the degree of forearm skin sweating assessed by measuring 
changes in skin resistance. Atropine sulphate (0-1 mg/min for 2~4 min) was 
infused into one brachial artery just before heating. The heating caused the 
usual increase in forearm flow and sweating of the forearm skin on the control 
side, but both vasodilatation and sweating were abolished in the atropinized 
forearm for 10-20 min. After this time the level of flow and the degree of 
sweating increased on the atropinized side, but in five of the eight subjects both 
were still much less than on the control side after 40 min of heating. 
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In two experiments where atropine was infused at the height of the forearm 
vasodilation during body heating, there was no reduction in flow. It may be 
that with the large skin blood flow the concentration of atropine reaching the 
tissues was too low or that during heating a vasodilator substance such as 
bradykinin is liberated whose action is not blocked by atropine (Fox & Hilton, 
1956). 

If fe subjects were kept cold at the beginning of the experiment a small initial 
increase of 1-2 ml./100 ml. min was seen in the forearm blood flow a few minutes 
after the beginning of heating. This increase occurred before sweating could be 
detected and before the major vasodilatation in the forearm. It was coincident 
with the initial large vasodilation in the hand and, like it, was not abolished by 
atropine. It is suggested that this small initial increase in forearm flow during 
heating is due to release of vasoconstrictor tone. 
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The adaptation of the relaxed respiratory system to changes in 
volume. By J. Burizr. Department of Medicine, University of 
Birmingham 

The pressure-volume relationships of the whole thorax and of the lungs and 
chest wall separately have been studied in nineteen anaesthetized and com- 
pletely relaxed patients during 21. stepwise inflation and deflation. Lung 
pressures were obtained by manometric subtraction of intra-oesophageal 
pressures from total respiratory (airway) pressures; chest-wall data were 
derived from these values. The stabilization of pressure following each volume 
alteration occupied about 2 sec. 

The inflationary pressure-volume relationships of the whole thorax, lungs and 
chest wall showed decreasing pressure increments for equal increases of volume 
up to a distension of about 1 1. above the relaxation volume. Thereafter the 
rise in lung tension with rise of volume was constant up to 21., though that'of 
the chest wall continued to decrease. During deflation these relationships were 


reversed, the pressure fall decreasing for equal volume changes, particularly 
during the first litre. 


A plot of the lung pressure-volume relationships during inflation and defla- 
tion formed a closed loop, the median line of which was a gently S-shaped 
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curve. That of the chest wall and whole thorax had the form of open-ended 
loops, indicating the presence of residual deformation following the distension. 

It is postulated that the fall in compliance with increasing distension of the 
lungs and the return of the lung pressure-volume curve to atmospheric pressure 
after deflation is due to an increase in ventilated lung tissue at higher volumes 
as suggested by Bernstein (1954) for rabbits’ lungs. The increase of chest wall 
compliance during inflation and the residual distortion after deflation is in 
keeping with results obtained on relaxed muscles by Guth (1947) and excised 
ligaments by Remington (1955). Since excised lungs and exsanguinated lungs 
show increased hysteresis-like effects (McIlroy, 1952; Radford, Lefcoe & Mead, 
1955), the displacement of blood from the thorax is probably not a factor in 
the accommodation effect of the intact respiratory system. Hysteresis mani- 
fests itself on the pressure-volume diagram in the same way as does a viscous 
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A comparison of the effects of the repetitive activation of the 
inhibitory and excitatory collaterals of group 1 muscle afferent 
fibres. By F. B. Beswick and P. H. Fenrem. Department of Physiology, 
University of Manchester 

Impulses in the largest afferent fibres from a muscle nerve directly excite the 

cells of their own motoneurone pool and inhibit those of the antagonist. Thus 

it might be expected that any change occurring in the excitatory effects of 
such impulses might be paralleled by changes in their inhibitory action. 

Eccles & Rall (1951) found that if a single stimulus was applied to a muscle 
nerve a subsequent stimulus applied to the same nerve, within 3 sec of the 
first, produced a smaller monosynaptic response when it was recorded from the 
ventral root. Jefferson & Schlapp (1953) reported a reduction in the mono- 
synaptic response to a constant afferent volley during the period of repetitive 
stimulation at frequencies higher than 20/min. The phenomenon may be 
explained by postulating a decrease of the amount of transmitter substance 
liberated by the presynaptic elements (Evanson, 1956). 

However, repetitive activation of the direct inhibitory pathway at rates up 
to 300/min has not shown any comparable reduction in the inhibitory power 
of this pathway (Beswick & Evanson, 1955). 

Excitatory and inhibitory effects have been compared by simultaneously 
recording the monosynaptic responses from ventral roots to stimulation of one 
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muscle nerve and the inhibitory effects of the same afferent volley in the 
motoneurone pool of the antagonist. 

There has been no evidence of a reduction of the inhibitory power of volleys 
when repeated at 1000/min, nor has there been any sign of a decrease in the 
inhibition up to 1-5 sec after a single stimulus. Intensification of the depression 
of excitation following ten volleys at rates up to 300/min (Evanson, 1956) has 
not been accompanied by any change in inhibitory power. 
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Packed cell volume determinations as an alternative to red cell 
counts in normal subjects. By D. Mary Jackson and Marjorie 
E. Nutr. Department of Physiology, The Medical School, University of 
Birmingham 
Freely flowing blood from a finger-prick was collected into specimen tubes 
containing dry heparin as anti-coagulant. Packed cell volume (P.c.v.) was 
determined by means of the Meyerstein micro-haematocrit, the coefficient of 
variation of the values thus obtained being about 0-54°% under standard 
conditions (Jackson & Nutt, 1950). Red cell counts were made using a Thoma- 
type counting chamber and pipettes, counts being made in duplicate on 
specimens from each of two pipettes. The probable coefficient of variation of 
the count thus obtained was calculated from the formula of Berkson, Magath 
& Hurn (1939) to be 4-53%. 

The mean 8.B.C. count of 118 male subjects was 5-168 x 10®/mm*(s.p. = 0-308, 
range 4-41-5-96 x 10°/mm*), and mean pP.c.v. 44-10% (s8.p.=2-48, range 
38-61-49-60%). Corresponding values for forty-three females subjects were 
4-583 x 10°/mm* (s.D.=0-300, range 3-85-5-11 x 10°/mm?) for red cell count 
and 39-17% (8.D.=2-17, range 32-70-42-78%) for P.o.v. 

Mean corpuscular volume averaged 85-3 ,* for males and 85-5 ,.* for females. 

The ratio ‘mean R.B.C. count x 10*/mean P.c.v. °/’ was 0-1172 and 0-1169 
for males and females respectively. This ratio was used to predict individual 
cell counts from the values obtained for P.c.v. Values obtained are summarized 
in Table 1. 


1 
Mean diff. between 
cale. and deter- 
No. of mined 8.8.0, 8.D. 8.D. 
subjects count/mm? of series of mean 
Males 118 0-227 x 10° 0-178 x 10* 0-016 x 10* 


Females 43 0-212 x 10° 0-181 x 10° 0-028 x 10° 
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If the standard error of the difference between calculated and experimentally 
determined red cell counts is not more than 0-18 x 10®/mm!, the coefficient of 
variation of predictions on a mean count of 5-17 x 10*/mm* would be about 
3-5%, i.e. considerably less than the 4-53°% calculated by Berkson’s formula 
for the experimentally determined count. Thus in this series of individuals the 
red cell count predicted from the P.c.v. is likely to be nearer to the true value 
than is the experimentally determined count. 
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Maintenance of pregnancy, parturition and rearing of litters in 
mice ovariectomized and injected with progesterone, oestradiol 
and relaxin. By Karsatezen Hatt. Department of Physiology, The 
Medical School, University of Birmingham 

Besides effecting relaxation of the symphysis pubis of guinea-pigs and mice, 

relaxin-containing extracts from pregnant sow ovaries and pregnant rabbit 

serum have been implicated in other alterations occurring during pregnancy. 

It has been suggested that more than one relaxin-like substance may be 

involved. 

Continuing the search for information about the role of relaxin as a hormone 
of pregnancy, mice (in which gestation does not survive removal of the ovaries) 
were ovariectomized on the 14th or 15th day of the first pregnancy, and sub- 
sequently injected daily with progesterone alone or in combination with 
oestradiol and/or relaxin, no injections being given after parturition. Relaxin 
extracts prepared from pregnant rabbit serum and from sow corpora lutea 
were used. | 

When progesterone was given alone, 1 mg/day maintained pregnancy in 
90%, 0-5 mg in only 50% of mice; 0-25 mg/day was ineffective. There was 
a tendency for the number of foetuses to be reduced by partial abortion or 
death in utero. The mice were able to deliver living young but there was a high 
incidence of still-births. None of the mothers reared her young. If injections 
were continued beyond the 18th day, delivery was likely to be delayed or 
prolonged and difficult. The fact that the symphysis pubis remained narrow, 
relatively rigid and cartilaginous might be one of the causative factors in 
difficult delivery; the first foetus was sometimes found (dead) wedged within 
the pelvic canal. | | 

The addition of 1-5 g/day oestradiol did not affect the ability of 1 mg/day 
progesterone to maintain pregnancy, nor improve the power of smaller doses 
to do so, and there was still a tendency for parturition to be delayed. The 


‘ 
é 
d 
2 
\ 
4 
i 
& 
+ 
¥ 
4 


18 P PROCEEDINGS OF THE PHYSIOLOGICAL 


average number of live births per litter was a little higher, and four mice 
successfully reared some of their young. Though the innominates did not 
separate, the symphysis pubis tended to be more flexible than when pro- 
gesterone was given alone; this might to some extent facilitate delivery and help 
towards a higher live-birth rate. 

When relaxin was given in addition to progesterone and oestradiol, there 
was a noticeable improvement in the number of foetuses per uterus maintained 
in a healthy condition, particularly when 0-5 mg/day progesterone was given, 
when 37 of 45 mice remained pregnant and autopsy at full term revealed that 
a number of these mice carried 10, 11 or 12 large, living foetuses. When the 
amount of progesterone was 0-25 mg, all the mice aborted before full term. 
When the three hormones were given together, there appeared also to be a 
better chance that the mice would rear some or all of their young. Injections 
of relaxin without oestradiol did not improve the ability of progesterone to 
maintain pregnancy or deliver living young; none of the young were reared. 


Off effect giving rise to a sensation of blackness. By H. M. F. 
Asner. Department of Physiology, The Medical School, Hospitals Centre, 
Birmingham 15 

The subject views with one eye a circular illuminated white patch in a dark 

room. If fixation is maintained very steadily the patch becomes progressively 

less distinct until after about 15 sec it is no longer visible, and the subjective 
impression is one of uniform darkness. If now the light from the patch is 
swiftly cut off, in place of the luminous patch the subject perceives for a flash 
of about +45 sec a black disk which stands out as blacker than the surrounding 
total darkness. 

If the experiment is repeated using patches of coloured light, the flash is 
always of the colour complimentary to that of the illuminated patch. 

It is suggested here that these effects are mediated by the ‘off’ discharge. 


Sweating and vasodilatation in the human forearm. By R. F. HELLoNn 
and A. R. Linp. M.R.C. Climate and Working Efficiency Unit, Department 
of Human Anatomy, University of Oxford 

It has recently been suggested (Fox & Hilton, 1956) that the forearm vaso- 

dilatation following body heating is due in part to the production of a brady- 

kinin-forming enzyme by the sweat glands. The initiation of sweating might 
therefore be expected to be followed by an increased peripheral blood flow. 


Data from previous experiments have been examined to see how far the 
suggestion is supported by direct evidence. 
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The onset of sweating was observed on the left forearm and blood flow 
measured in the right forearm of eleven subjects exposed to an air temperature 
of 38° C for 150 min. The time of onset of sweating varied from 18 to 61 min. 
Three subjects showed a continuing rise in blood flow after the initiation of 
sweating. Of the remaining eight subjects, two showed only a transient rise, 
three showed no change and three showed a fall in blood flow. 

Thus the changes in forearm (skin) blood flow following the onset of 
sweating are apparently random. Unless it can be shown that there is a corre- 
sponding individual variation in the production of the bradykinin-forming 
enzyme by the sweat glands or that the enzyme is liberated before the glands 
excrete sweat, it seems unlikely that this mechanism plays an important part 
in promoting vasodilatation when the body is heated. 
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The rate of blood flow in the calf and paw of anaesthetized dogs 
measured by the venous occlusion plethysmograph technique, 
with observations on the effects of intravenous infusions of 
adrenaline and noradrenaline. By J. D. Hatcnuer and D. B. 
JENNINGS. Department of Physiology, Queens University, Kingston, 
Ontario, Canada 

The venous occlusion plethysmograph technique has been adapted for use in 

measuring the rate of blood flow in the calf and paw of dogs. Dissections of 

4 in. calf segments measured peripherally from the knee joint, and of terminal 

4 in. paw segments, showed that the calf contained five times more muscle than 

skin and the paw four times more skin than muscle. In eight dogs anaes- 

thetized with sodium pentobarbital the rate of blood flow was measured for 1 hr 
with a water-filled plethysmograph. The water temperature in the calf plethys- 

mograph was 34-0 + 0:5° C and in the paw plethysmograph was 32-0 + 0-5° C. 

The average calf (muscle) blood flow was 5-5 + 0-88 (s.z.M.) c.c./100c.c. calf/min, 

and the average paw (skin) blood flow was 13-4 + 1-11 c.c./100 c.c. paw/min. 

Adrenaline was infused intravenously for a 20 min period into nineteen dogs. 

The dose ranged between 0-23 and 0-58 yg/kg/min. In five instances little or 
no change was seen in the calf blood flow. This unresponsiveness was not 
related to dose. The others showed a transient rise in calf blood flow within the 
first 2 min, followed by a fall to or below control levels, after which the blood 
flow gradually increased. The paw blood flow decreasad and the heart rate 
increased. An increase in pulse pressure occurred in all cases, and with the 
larger doses a rise in both systolic and diastolic pressures occurred which was 
most marked during the initial 5-10 min of infusion. 
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Noradrenaline was infused intravenously for a 20 min period into twenty 
dogs in amounts ranging between 0-23 and 1-07 »g/kg/min. In most instances 
a transient rise in calf blood flow was noted within the first 2 min, followed by 
a prompt decrease to or below control levels. In two instances this decrease 
occurred gradually over the course of the infusion. The paw blood flow 
decreased. With low doses there was a bradycardia but with larger doses 
a tachycardia was observed. The systolic, diastolic and pulse pressures reached 
a maximum 3-6 min after the start of the infusion, then declined slightly. 


j 
> 
i 
er’, 
4 
> 


LIST OF AUTHORS 
Papers published in Proceedings by title only are indicated by (T) 


AutLanson, J. T. and Wurrrrexp, I. C. gre 
auditory pathway (T). 

ALLANSON, J.T. and I. C. The eect of strychnine on inhibition 
in a sensory pathway . ‘ 

ANDREW, B. L. The nervous control ofthe cervical oesophagus ofthe rat 

swallowing 

Asner, H. M. F. A pea-shooter test for eye dominance (T) j 

AsHer, H. M. F. Off effect giving rise to a sensation of blackness ; 

Beckett, Evetyy B., G. H. and Montraena, W. Histology and 
cytochemistry 


of human skin. 
finger of the embryo and the adult 


Bett, F. R. and Evans, C. Lovarr. The relation between sweating and the 
innervation of sweat glands in the horse 


Beswick, F. B. and Fenrem, P. H. A comparieon of the effecta of the 
repetitive activation of the and collaterals of 
group I muscle afferent fibres . 


Brisnop, Beveriy, Garry, R. C., D. M. J. K. 
Control of the external sphincter of the anus in the cat ; 


Bisnop, P. O. and Evans, W. A. The refractory period of the vensory 
synapses of the lateral geniculate nucleus . : 

Born, G. V. R., Dawzs, G. 8, and Mort, Joan C. ante: 
nomic nervous control of the foetal circulation in the lamb ° ‘ 


Bourne, G. H., Montaena, W. and Becxerr, Evetyn B. Histology and 
finger of the embryo and the adult. 


Brap ey, P. B. and Key, B: J. A. method for studying the effect of drugs 
on arousal responses in the cat (T) 

Bripggs, C. D. B. The visual pigments of the rainbow trout (Salmo 
wrideus) 

BRINDLEY, G. The ive the frog's retina 
choroid and sclera for radial fields and currents . : 


Brinpiey, G. 8. The effect on the v8" cletroretinogram of varying the 
amount of retina illuminated ‘ 


G. 8. Responses to mioo electrode 
from the frog’s retina . 

Brooks, V. B. An intracellular of the action of nerve 
volleys and of botulinum toxin on miniature end-plate potentials 

Buttock, T. H. and Direcks, F. P. J. Properties of an infra-red receptor . 


volume 


blood vessels of the human calf to increases in transmural pressure ‘ 


ix q 
PAGE 
2P 
12P 
729 
4P 
6P 
isP 
202 | 
421 
15P 
229 q 
538 
149 
202 
6P 
620 | 
339 
353 q 
360 
264 
47 
in q 
14P 
665 4 


x LIST OF AUTHORS 


Comrort, A. Of of clearing-Factor on the 
electrophoretic migration of serum lipoproteins . ; é 

Csapo, A. and Wiixre, D. R. The dynamice of the effect of potaium on 
frog’s muscle. 

DartTwalLL, H. J. A. Further observations on the viaual pigment of the 
clawed toad, Xenopus laevis ‘ 

Dawss, G. 8., Mort, Joan C. R. Oxygen lack and auto- 
nomic nervous control of the foetal circulation in the lamb : ‘ 


Dawes, G. 8., Morr, Joan C. and Rewnicox, Barsara R. Some effects of 
adrenaline, noradrenaline and saiecpuusecneas on the foetal cireulation in 
the lamb. 


Day, Marcarert. The of like scetyleholine 
by the isolated rabbit heart 


DramonD, J. and A. Chemoreceptor in aortic bodies of 
the cat 
Dreces, F. P. J. H. et tal 


Doveras, W. W. and Rirconim, J. M. Cardiovascular reflexes produced by 
electrical excitation of non-medullated afferents in the vag estes 
sinus and aortic nerves ; 


Dowsg, C, M., Saunpmrs, J. A. and B. The composition of 
from jejunal contents of the dog after a fatty meal 


Epxowm, O. G., Fox, R. H. and Macrmmnsox, R. K. The effect of body 
heating on the circulation in skin and muscle. . ; 


Evans, C, Lovatt and Bett, F. R. The relation betwoon sweating and the 
innervation of sweat glands in the horse. 


Evans, L. J. and K. Construction ofan electro-titration apparatus 
by modification of a Conway burette . ‘ 


Evans, W. A. and Bisnop, P. O. The refractory period of the sensory 
synapses of the lateral geniculate nucleus . ‘ 
H. B., the late E. and 8. R. 
vitamin A on the sulphate metabolism of bone rudiments grown in vitro 
Fentem, P. H. and Beswick, F. B. A wigs ee 9 of the effects of the 


repetitive activation of the inhibitory and pres collaterals of 
group I muscle afferent fibres . 


FERNANDEZ DE Moria, A. and Gray, J. A. B. Spinal cord potentials due to 
stimulation of cutaneous nerves . 


Fox, R. H., Macpmerson, R. K. and 0. The of body 
heating on the circulation in skin and muscle. 


Frank, K. and Fuorrtss, M. G. F. Stimulation of spinal motoneurones 
with intracellular electrodes 


Fuortses, M. G. F. and Frank, K. Stimulation of spinal motoneurones 
with intracellular electrodes . 


FursuHpan, E. J. The effects of oamotie pressure changes on the spontancous 
activity at motor nerve endings . ‘ 


Garry, R. C., Roperts, T. D. M., Topp, J. K. 
Control of the external sphincter of the anusin the cat . 


Grsson, Q. H. An apparatus for flash photolysis and its sl os to the 
reactions of myoglobin with gases ait ae 


PAGE 


102 


112 


a 3 
497 
327 | 
149 
139 
558 

319 

47 

167 
515 

| 612 

421 
4P 
538 

9P 
612 
451 
451 
689 
3 

229 
= 


LIST OF AUTHORS 


Grsson, Q. H. constant of the 
reaction Hb,(CO),+CO + Hb,(CO), . é 


I. M. in: ved cells . 
Goopwin, R. F. W. 
variations associated with age and species . , 


Gray, J. A. B. and Fernanpgz pr Motrin, A. ‘nine potentials 
to stimulation of cutaneous nerves. , 


GREAVES, D. P. E. 8. intra- 
ocular 


pressure 

maintained after y alone or with 
oestradiol and relaxin . 

The effect of different decalcifiers on 
of bone, cartilage and connective tissues with the metachromatic dye 
Toluidine blue (T) 

HALL, KATHLEEN. of pregnancy, rearing of 
litters in mice ovariectomized and re with pa ane oestradiol 
and relaxin 

Harirmay, A. M. and Ruvreasn, J. An analysis ofthe frequencies 
of finger tremor in healthy subjects 


Hamuzgy, E. J. Perfusion of the ara 


Harkness, Marcarert L. R. and R. D. The collagen content of 
the liver in pregnancy and lactation . 

Harkness, R. D. and Harkness, Marcarer L. R. The collagen content of 
the liver in pregnancy and lactation . . 

Hatouer, J. D. and Jenninos, D. B. The rate of blood flow in the calf and 
paw of anaesthetized dogs measured by the venous occlusion plethys- 
mograph technique, with observations on the effects of intravenous 
infusions of adrenaline and noradrenaline . 

Hess, CaTHErRtne O. and Strver, Ann. Choline in the 
nervous system of man and some other mammals. , 

Hess, CATHERINE O. and en B. N. Intracellular distribution of 
choline acetylase 

F. and Luyp, A. R. Sweating and vasodilatation inthe human 

forearm . 

activity, bradykinin formation and functional in the 
submandibular salivary gland. 

Homes, O. Post-tetanic enhancement of action in vitro 

Howe, A. The vasculature of the aortic bodies in the cat . ‘ , 

Howe, A. and in the aortic bodies of 


Hvucues, F. B., J. 8. and Soumas, A. A. Sodium 
chloride and smooth muscle ‘ 

Jackson, D. Mary and Nutr, Marsoriz E. Packed cell 
nations as an alternative to red cell counts in normal subjects . 
Jennings, D. B. and Hatousr, J. D. The rate of blood fiow in the calf and 
paw of anaesthetized dogs measured by the venous occlusion plethys- 
mograph technique, with observations on the effects of intravenous 

infusions of adrenaline and noradrenaline . 


278 


3P 


6P 


19P 
718 
385 

18P 
471 


6P 
311 


319 
257 


16P 


19P 


PAGE 4 
123 7 
88 

9P 
393 
: 
17P 7 
600 
4P 
135 
135 


xii LIST OF AUTHORS 


Jervis, E. Lestuy, Jounson, F. R., Saerr, M. F. and Smyts, D. H. The 
effect of phlorhizin on intestinal absorption and intestinal phosphatase 

Jounson, F. R., Saerr, M. F., Suyru, D. H. and Jervis, E. Lesty. The 
effect of phlorhizin on intestinal absorption and intestinal phosphatase 

Jongs, J. J. and McDowa tt, R. J. 8. 
motor mechanism ‘ 

Key, B. J. and Braptey, P. B. 
on arousal responses in the cat (T) ‘ 

R. D. and Lzewrs, P. R. The intracellular ealium contents of some 
invertebrate nerves 


Kipp, B. 8. L., Patrerson, G. ©. R. the 
blood vessels of the human calf to increases in transmural pressure ; 

Lewis, G. P. and Hmron, 8. M. The relationship between glandular 
activity, bradykinin formation and functional in the 
submandibular salivary gland . 


Lewis, P. R. and Keynes, R. D. Tho intracellular calcium contents of 
some invertebrate nerves . 


Lewis, 8. E. N. The estimation of acetylcholine in 
insects 


Litey, A. W. The effects of presynaptic polarization on the spontaneous 
activity at the mammalian neuromuscular junction . ‘ 


A. R. F, Sweating and vasodilatation in the human 
forearm ‘ 
POULOS, J. H. N. B. of radio- 

iodide and “S-thiocyanate by the salivary glands ‘ . ; 


McDowatt, R. J. 8. J. The action of adrenaline on the 
motor mechanism . 


McDowatt1, R. J. 8., Sotrmman, snd Huon, F B. Sodium chloride 
and mnooth muadie ‘ 


McNen, T. A. Venous oxygen saturation and blood flow during reactive 
hyperaemia in the human forearm. 


Macrpuerson, R. K., EpxouM, O. G. and Fox, R. H. The effect of body 
heating on the circulation i in skin and muscle. , 

MELLANBY, the late E., Pexc, 8. R. and Ferx., H. B. Influence of excess 
vitasnin A on the sulphate metabolism of bone rudiments grown in 
vitro 


Montaoena, W., Becxertr, Evetyn B. and Bourne, G. H. Histology and 
cytochemistry of human skin. The distribution of cholinesterase in the 
finger of the embryo and the adult. 


8. D. The total energy and water metabolism during pregnancy 
in the rat. 


Mort, Joan C., G. v. R. wi G. Oxygen lack auto- 
nomic nervous control of the foetal circulation in the lamb 


Mort, Joan C., Rewnicx, BarBara R. and Dawes, G. 8. 
adrenaline, noradrenaline and acetylcholine on the foetal circulation in 


the lamb 


PAGE 


675 


675 


149 


M 
M 
N 
6P N 
6P N 
399 N 
| 665 p 
P 
471 
399 
241 
427 P 
189 
8P 
257 
; 195 | 
612 
5P 
; 179 
6P 
202 
650 
| 139 


LIST OF AUTHORS 


Murray, R. W. to 
electrical stimulation by direct curren 

Myant, N. B. and J. of radio-iodide 
and “S$-thiocyanate by the salivary glands . 

Nasmyts, P. A. The effete of various corticosteroids on the isolated mam. 
malian heart 


The ‘ staircase’ phenomenon and the aetion of calcium 

heart ° 

NIEDERGERKE, R. The potassium chloride contracture of the heart and its 
modification by calcium 

Nutt, Marsorie E. and Jackson, D. 
nation as an alternative to red cell counts in normal subjects e . 

Parratt, J. R. and West, G. ee 
5-hydroxytryptamine in the rat . ‘ 

Parsons, B. J. H. The intestinal absorption of radioactive 
glucose 

Patrerson, G. C., De R. The reactions of the 
blood vessels of the human calf to increases in transmural pressure a 

8. R., H. B. and Metiansy, the late E. Influence of excess 
vitro 

PERKINS, E. 8. and Gunaves, D. P. The seventh oranial nerve and intra 
ocular pressure . 

lysis, and on the potassium loss from erythrocytes during cold storage . 

REDFEARN, J. W. T. and Hatiipay, A. M. 
of finger tremor in healthy subjects , 

REnnNICK, BarBara R., Dawgs, G. 8. Some effects of 
adrenaline, noradrenaline and acetylcholine on the foetal circulation in 

lam 


C. ond Srnay, 6. H. The absorption of glucose by the intact 

electrical excitation of non-medullated afferents in the vagus, carotid 
sinus and aortic nerves ° 

J. M. and Stravs, R. W. The after-effects of repetitive imulation 
on mammalian non-medullated fibres . 

J. M. and Straus, R. W. The effect of cooling on the size of the 
action potential of mammalian non-medullated fibres. ‘ 

Roserts, T. D. M., Topp, J. K., Brsnor, Beverty and Garry, R. c. 
Control of the external sphincter of the anus in the cat. ‘ 

Rosrnson, J. R. The effect of sodium and chloride ions upon “oe of 
rat kidney slices treated with a mercurial diuretic. 

Ropprg, I. C., Saernerp, J. T. and WHELAN, R. F. Sympathetic cho- 
linergic fibres producing vasodilatation in forearm skin 

I. C., Sampxerp, J. T. and WHELAN, R. F. 
oxygen saturation measurements that the increase in forearm blood 
flow during body heating is confined to the skin. , , 

selective ultrafiltration to the urine proteins in the nephrotic syndrome 


PAGE 


10P 


139 


531 


408 | 
189 
569 
584 
16P 
LLP 

IP 
665 | 
179 
393 
484 
600 
167 
698 
712 
229 
216 
13P 
us | 


xiv LIST OF AUTHORS 


rhodopsin in the living humaneye 
Rusuton, W. A. H. The rhodopsin bac 
St Jonn Lysurn, E. F. A comparison of the per nonageh of sweat induced 

by dry heat and by wet heat. ; 

Saunpers, J. A., Scnorrecp, B. and Dowsg, C. M. The composition of iia 
from jejunal contents of the dog after a fatty meal . ° 
Scnrorrecp, B., Dowsz, C. M. and Saunpsrs, J. A. The composition of lipid 

from jejunal contents of the dog after a fatty meal ; 
Suarpry-Scuarer, E. P. Circulatory reflexes in chronic disease of the 
afferent nervous system. 
Suerr, M. F., Suyru, D. H., Junvis, E. and R. The 
effect of phlorhizin on intestinal absorption and intestinal phosphatase 
technique 
J. T., and Roppr, I. 0. Sympathetic cho: 
linergic fibres producing vasodilatation in forearm skin 


J. T., WHeran, R. F. and Ropore, I. C. 
venous oxygen saturation measurements that the increase in forearm 
blood flow during body heating is confined to the skin . 

Stiver, Ann and Hess, Cataertmne O. Choline in the central 
nervous system of man and some other mammals ‘ 


SmMaLLMAN, B. N. and Hess, CaATHEeRtne O. of 
choline acetylase . 


B. N. and Lewis, 8. B. The estimation of acetylcholine in 


D. H., E. F. ‘R. pa M. The 
effect of phlorhizin on intestinal absorption and intestinal phosphatase 

Smytu, D. H. and = B. J. The intestinal AS of radioactive 
glucose 


A. A. I., F. B. and MeDowatz, R.J.8. Sodium chloride 
and emooth muscle 


Spray, G. H. eens ©. C, The absorption of glucowe by the intact 


pat 


STRANGE, H. Pitch-intensity its to the 
threshold of hearing for high frequencies . 

Straus, R, W. and Rrroui, J. M. The after-effects of repetitive 
tion on mammalian non-medullated fibres . . 


Straus, R. W. and J. M. The effect of cooling on the sizeof the 
_ action potential of mammalian non-medullated fibres , 
Topp, J. K., Bisnor, Beverty, Garry, R. C. and Rossrts, T. D. M. 
_ Control of the external sphincter of the anus in the cat 
West, G. B. and Parrarr, J. R. Tho looation and possible function of 
tissue 5-hydroxytryptamine in the rat : 


WHELAN, R. F., Ropprm, I. C. and SHEPHERD, J. Sympathetic cho- 


linergic fibres producing vasodilatation in forearm skin 


WHELAN, R. F., Ropprg, I. C. and Suernerp, J. T. 
oxygen saturation measurements that the increase in forearm blood 
flow during body heating is confined to the skin 


PAGE 


718 


j 1] 
30 
207 
515 
515 
l 
675 
7 630 
1 444 
385 
241 
675 
257 
531 
741 
698 
712 
| 229 
13P 
444 


LIST OF AUTHORS 


Warts, K. and Evans, L. J. 
by modification of a Conway burette . , 


I. C. and J.T. Excitation inhibition in he 
auditory pathway 


WHITFIELD, I. C. and J.T. ‘The effect of strychnine on inhibition 
in a sensory pathway (T) 


Witxig, D. R. Measurement of the series clatic component at various 
times during a single muscle twitch 


D. R. tnd Caaro, A. The dynamics of the effect of potassium on 
frog’s muscle 


12P 


527 


497 


XV 
‘ 
PAGE 
> 
‘ 
> 
} » 


\ SUBJECT INDEX 
Papers published in Proceedings by title only are indicated by T 


A “4? 


(cat), 464 
Acetylcholine, estimation in insects of, 241 
foetal circulation affected by (sheep), 139 
heart rate effect on release of (rabbit), 559 
Action potential, cooling effect on non- 
medullated nerve (rabbit), 713 
post-tetanic enhancement in vitro of (cat), 
6P 


Adaptation, facial pit organ showing 
(snake), 61 
Adrenaline, calf and paw blood flow 
affected by (dog), 19P 
foetal circulation affected by (sheep), 139 
heart release of (rabbit), 563 
sweat gland stimulation by (horse), 423 
vasomotor mechanism affected by (dog), 
8P 
After-discharge, facial pit organ showing 
(snake), 66 
Age, sugar distribution between cell and 
plasma affected by (mammal), 88 
Alkaline phosphatase, phlorhizin action 
on intestinal (rat), 684 
Alveolar nitrogen concentration, expira- 
tory gas flow rate effect on (man), 637 
Anus, control of external sphincter of (cat), 
229 


Aortic bodies, chemoreceptor activity in 
(cat), 319 
vasculature of (cat), 311 
Aortic nerve, non-medullated afferent 
C fibres in (rabbit), 168 
Apparatus. Flash photolysis, 113 
Pulse-interval-plotter, 50 
Auditory inhibition, strychnine action on 
(cat), 12P 
Autonomic nervous system, ci 
control in foetus by (sheep), 153 


Baroceptor reflexes, tabes dorsalis affect- 
ing (man), 1 

Beetle, acetylcholine content of head of, 251 

Blackness, off effect giving sensation of 
(man), 18 P 

Blood, age and species effect on 
sugar distribution in (mammal), 88 

Blood flow, measurement in calf and paw 

transmural pressure increase effect on calf 
(man), 666 


Blood oxygen capacity, gestation age and 
anoxaemia effect on foetal (sheep), 158 

Blowfily, acetylcholine content of head of, 
251 


Body heating, skin and muscle circulation 
affected by (man), 613 

Bone, vitamin A excess effect on sulphate 
metabolism in vitro of embryonic rudi- 
ments of (chick), 179 

Botulinum toxin, miniature end-plate 
potentials affected by (guinea-pig), 264 

Bradykinin, salivary gland vasodilatation 
and (cat), 471 

Brain, choline acetylase in 
and extracts of acetone-dried (rabbit), 


heart of (frog), 

Carbon monoxide, flash photolysis de- 
termination of myoglobin velocity of 
combination with (whale), 112 

Carboxyhaemoglobin, determination of 
fourth velocity constant of, 123 

Cardiac muscle, calcium effect on potas- 
sium contracture of (frog), 593 

steady state tension at different frequencies 
of stimulation of (frog), 576 

Carotid sinus nerve, non-medullated 
afferent C fibres in (cat and rabbit), 171 

Caudate nucleus, choline acetylase in 
(mammal), 723 

Central nervous system, choline acetylase 
distribution in (mammal), 719 

Cerebral cortex, choline acetylase distribu- 
tion in (mammal), 722 

Chemoreceptors, aortic pressure effect on 
(cat), 320 

Chloride, kidney slice swelling induced by 
mercurial diuretic affected by (rat), 216 

Choline acetylase, brain homogenates and 
extracts of acetone-dried brain con- 
taining (rabbit), 386 

central nervous system distribution of 
(mammal), 719 

Cholinesterase, skin distribution in foetus 

and adult of (man), 202 


| xvi 
386 
a Calcium, intracellular nerve containing 
‘ (squid and crab), 399 
‘ potassium contracture of heart modified 
‘staircase’ phenomenon and action on 


Choroid, electrical resistance of (frog), 343 


Cockroach, acetylcholine content of head 
of, 251 

Colon, anal external sphincter inhibition 
with distension of (cat), 232 

Corticosteroids, isolated heart affected by 

, infra-red receptors in, 47 

Cutaneous nerve stimulation, spinal cord 

potentials resulting from (cat), 9P 


Defaecation, colon reflexes involved in (cat), 
233 


» Tetina area illumi- 
nated effect on (frog), 353 
Electro-titration apparatus, Conway 
burette modified to, 4P 
End-plate, botulinum toxin and miniature 
potentials at (guinea-pig), 264 
Energy exchange, pregnancy effect on 
(rat), 652 
Enzymes, sodium and potassium inhibition 
and activation of, 307 
Erythrocyte, 5-HT effect on i 
and on potassium loss with cold storage 
of (man), 484 
sodium and potassium fluxes in (man), 
278 
Ether, choline acetylase in brain homo- 
genates affected by (rabbit), 387 
Eye, properties of coats of (frog), 


rhodopsin difference and photo- 
sensitivity in living (man), 11 


Facial pit organ, infra-red receptors in 
(snake), 47 
Fat, lipolysis in jejunum of (dog), 515 
Finger tremor, analysis of frequencies of 
(man), 601 
Flash photolysis, myoglobin and carbon 
monoxide velocity of combination 
determined by (whale), 112 
Foetal circulation, adrenaline, noradren- 
aline and acetylcholine action on (sheep), 
139 
oxygen lack effect on (sheep), 149 
Foetus, autonomic nervous control of 
circulation development in (sheep), 153 
Forearm blood flow, body heating effect 
after adrenaline iontophoresis on (man), 
613 
body heating effect on skin and muscle 
(man), 444 


SUBJECT INDEX 


Forearm skin, 
vasodilator fibres to (man), 13 P 
; ing and vasodilatation in 
(man), 18 P 
Forearm venous oxygen saturation, 
body heating effect on deep and super- 
ficial (man), 444 
Fructose, age and species effect on cell/ 
oi distribution of (mammal), 


residual gas volume, single- 
breath technique in measurement of 
(man), 640 


Geniculate neurones, fluctuations in 
excitability of (cat), 541 
Gestation, autonomic nervous control of 
circulation development during (sheep), 
153 
Glucose, absorption by stomach and 
intestine of (rat), 531 
age and species effect on cell/plasma 
distribution of (mammal), 88 
intestinal absorption of radioactive (dog), 


(rat), 681 


Haemoglobin, velocity constants of carbon 
monoxide combination with, 123 
Haemolysis, 5-HT effect on hypotonic 
(man), 484 
Hearing, pitch-intensity dependence in 
(man), 742 
Heart, acetylcholine and adrenaline-like 
substances release from isolated (rabbit), 
558 
calcium effect on potassium contracture 
potassium contracture of (frog), 585 
‘staircase’ phenomenon and calcium 
action on (frog), 569 
Heart rate, acetylcholine release from 
heart affected by (rabbit), 558 


intrapulmonary pressures influence on 
Heat, facial pit organ sensitivity to (snake), 
56 


Housefly, acetylcholine content of head of 
251 

Hydroxytryptamine, erythrocyte hypo- 
tonic haemolysis affected by (man), 484 

location and possible function of tissue 

(rat), 11P 

Hyperpolarization, repetitive stimulation 
of C fibres causing (rabbit), 707 


of serum lipoproteins affected by 
) potassium influx into erythrocyte affected q 
: by (man), 284 
Glucose absorption, phlorhizin action on 4 


on (rat), 676 

Intestine, radioactive glucose absorption 
from (dog), 7P 

Intra-ocular pressure, seventh cranial 
nerve stimulation effect on (cat), 394 

Intrapulmonary pressures, heart rate 
influenced by (man), 5P 

Invertebrate nerve, intracellular calcium 
content of (squid and crab), 399 

Isolated heart, corticosteroids action on 
(guinea-pig), 10 P 

perfusion of (rat), 3P 


Jejunum, fat lipolysis after fatty meal in 
contents of (dog), 515 


Kidney slice, sodium and chloride ions 
diuretic on (rat), 216 


Lactation, liver collagen affected by (rat), 
135 


Lateral geniculate nucleus, refractory 


period of sensory synapses in (cat), 538 
Lateralis organs, electrical stimulation 


of blood vessels in (man), 666 

Lipid, jejunal lipolysis after fatty meal of 
(dog), 515 

Lipoprotein, tissue extracts and clearing- 
factor effect on electrophoretic migra- 
tion of serum (mammal), 102 


Liver collagen, pregnancy and lactation | 


effect on (rat), 135 
Load, finger tremor frequency affected by 


(man), 606 


Membrane time constant, motoneurone 
(cat), 459 
Miniature end-plate potentials, botu- 
linum toxin effect on (guinea- “pig), 264 
electronic polarization of motor 
effect on (rat), 429 
osmotic pressure changes effect on spon- 
taneous (frog), 691 
Mitochondria, choline acetylase in brain 
(rabbit), 388 
Motoneurone, intracellular stimulation of 
(cat), 451 
Motor nerve endings, osmotic pressure 
changes effect on spontaneous activity 
at (frog), 690 


SUBJECT INDEX 


Muscle afferent fibres, repetitive activa- 
tion of inhibitory and excitatory co!l- 
laterals of group I, 15 P 

Myoglobin, flash photolysis determination 
of carbon monoxide velocity of combi. 
nation with (whale), 112 


Nerve, intracellular calcium content of 

(squid and crab), 399 
post-tetanic effects in C fibres of (rabbit), 

699 

Neuromuscular junction, presynaptic 
polarization effect on spontaneous 
activity at (rat), 427 

Non-medullated afferent C fibres, 


by (sheep), 139 
heart release of (rabbit), 564 


Oesophagus, nervous control of cervical 
during swallowing (rat), 730 

Optic nerve stimulation, lateral geni- 
culate nucleus response to (cat), 


(sheep), 149 


Packed cell volume, red cell count 
measurement by (man), 15P 


Phioretin, glucose and water absorption 
affected by (rat), 683 

Phiorhizin, intestinal absorption and 
intestinal phosphatase affected by (rat), 
676 

Pitch-intensity dependence, high fre- 
quency deafness and (man), 742 

Placenta, concentration gradient of plasma 
blood sugar across (rabbit and 
guinea-pig), 96 

Plain muscle, sodium concentration effect 
on reactions of (guinea-pig), 257 

Post-tetanic potentiation, botulinum 
toxin action on end-plate affected by 
(guinea-pig), 270 


xviii 
| Infra-red receptors, facial pit organ con- ) 
taining (snake), 47 
i Intestinal absorption, phlorhizin action 
on (rat), 676 

Intestinal phosphatase, phlorhizin action 

167 

Non-medullated nerve, after-effects of 
699 
cooling effect on action potential of 
(rabbit), 713 
: Noradrenaline, foetal circulation affected 
4 of (Xenopus), 408 540 
Leg, transmural pressure effect on reactions Osmotic pressure, spontaneous activity 
; at motor nerve endings affected by 
changes in (frog), 690 
: Oxygen lack, foetal circulation affected by 
» energy expenditure during 
(rat), 659 
4 a hormones effect after ovariectomy on 


Potassium, erythrocyte sodium efflux 
relation to influx of (man), 281 
5-HT effect on erythrocyte loss of (man), 
488 
heart contracture by (frog), 585 
miniature end-plate potentials affected by 
(rat), 433 


‘staircase’ phenomenon and action on 
heart of (frog), 573 
Potassium efflux, potassium concentration 
effect on skeletal muscle (frog), 507 


Msi maintenance after ovariectomy 
of (mouse), 16P 
liver collagen affected by (rat), 135 
water metabolism affected by (rat), 655 
Pulse-interval plotter, 50 


Radio-iodide, salivary gland concentra- 
tion of (mammal), 189 

Rainbow trout, visual pigments of, 621 

Reactive hyperaemia, venous oxygen 
saturation and blood flow in forearm 
during (man), 195 

Reflex activity, finger tremor frequency 
and (man), 609 

Refractive errors, 
measuring, 4P 

Refractory period, sensory synapses in 
lateral geniculate nucleus showing (cat), 


538 
Respiratory dead space, single-breath 
technique in measurement of (man), 635 
Respiratory system, adaptation to 
changes in volume of relaxed (man), 
14P 
Retina, choline acetylase in (mammal), 724 
electrical resistance of (frog), 343 
electroretinogram affected by area illumi- 
nated of (frog), 353 
illumination effect on micro-electrode re- 
cording from (frog), 360 
visual pigments in (Rainbow trout), 621 
(Xenopus), 327 
Rhodopsin, density in rod of (man), 30 
difference spectrum and photosensitivity 
in living eye of (man), 11 
(frog), 


(man ), 30 
Salivary gland, bradykinin and functional 


instrument for 


vasodilatation in (cat), 471 
radio-iodide and “™§S-thiocyanate con- 
centration by (mammal), 189 


SUBJECT INDEX 


Serum lipoprotein, tissue extracts and 
clearing-factor effect on electrophoretic 
migration of (mammal), 102 

Serum protein, urine protein and selective 


ventilatory efficiency by (man), 631 

Skeletal muscle, potassium action on 
dynamics of (frog), 497 

Skeletal muscle blood flow, body heating 
effect on (man), 613 

Skeletal muscle twitch, series elastic 
component measurement at various 
times during (frog), 527 

Skin, 
saturation in (man), 444 

cholinesterase distribution in foetal and 

adult (man), 202 

Skin circulation, body heating effect on 
(man), 613 

Small intestine, glucose absorption in (rat), 


relation to efflux of (man), 281 
kidney slice swelling induced by mercurial 
diuretic affected by (rat), 216 
plain muscle responses affected by 
_ concentration of (guinea-pig), 257 
Species, sugar distribution between cell 
and plasma variation with (mammal), 
88 
Spinal anaesthesia, anal external sphincter 
tone affected by (cat), 233 
Spinal cord potentials, cutaneous nerve 
stimulation giving (cat), 9P 
Spinal motoneurone, intracellular stimu- 
lation of (cat), 451 
‘Staircase’ phenomenon, calcium action 
Stomach, glucose absorption in (rat), 533 
hypertonic glucose effect on rate of 
emptying of (rat), 534 
Stress-strain curves, series clastic com- 
ponent in skeletal muscle twitch and 
(frog), 529 
Strychnine, auditory inhibition affected by 
(cat), 12P 
Submandibular salivary gland, brady- 
kinin and functional vasodilatation in 
(cat), 471 
Sulphate, vitamin A excess effect on 
metabolism in embryonic bone rudi- 
ments in vitro of (chick), 179 
Swallowing, nervous control of cervical 
oesophagus during (rat), 730 


Sex, finger tremor frequency affected by 
(man), 603 
skeletal muscle dynamics affected by Single-breath technique, assesament of 4 
534 
Snakes, infra-red receptors in, 47 q 
Sodium, erythrocyte potassium influx 


Sweat, Dry Heat and Wet Heat effect on 
composition of (man), 207 
Sweat glands, in relation to 
innervation of (horse), 421 
Sweating, vasodilatation in forearm and 
(man), 18 P 
Sympathetic cholinergic vasodilator 
fibres, skin receiving (man), 13 P 
Sympathetic stimulation, bradykinin in 
salivary gland with (cat), 476 
Symphysis pubis, hormones in pregnancy 
ovariectomy effect on (mouse), 2 P 
Synaptic delay, sensory neurones in lateral 
geniculate nucleus showing (cat), 551 


Tabes dorsalis, circulatory reflexes in 
(man), 1 

Tachyphylaxis, sodium concentration 
effect on (guinea-pig), 259 

Temperature, non-medullated nerve action 
potential affected by (rabbit), 713 

potassium action on skeletal muscle 

affected by (frog), 505 

Temperature receptors, facial pit eg 
receptors compared with (snake), 80 

bing > Box, sweating induced in (man), 


te, salivary gland concentration 
of (mammal), 189 
rin, sodium and chloride ions effect 
on kidney slice swelling induced by 
(rat), 216 
ural pressure, calf blood vessels 
reaction to increase in (man), 666 


SUBJECT INDEX 


212 

Uterus, sodium concentration effect on 
to drugs of (guinea-pig), 


Vagus nerve, non-medullated afferent 
C fibres in (rabbit), 174 

Vagus nerve stimulation, intra-ocular 
pressure affected by (cat), 396 


Valsalva’s manoeuvre, tabes dorsalis 
affecting results of (man), 2 
Venous oxygen saturation, reactive 


hyperaemia effect on forearm (man), 
195 

Ventilatory efficiency, single-breath tech- 
nique in measurement of (man), 631 


Vitamin A, sulphate metabolism of em- 
bryonic bone rudiments in vitro affected 
by excess of (chick), 179 


Water absorption, phlorhizin action on 
(rat), 683 

Water metabolism, pregnancy effect on 
(rat), 655 


Xenopus, electrical stimulation of lateralis 
organs of, 408 
visual pigments in, 327 


(Rainbow trout), 624 
Xenopus retinal photoreceptors containing, 
327 
Thi 
4 


ee 

GQ ‘ ‘ Lane - 

‘whe 

3 
‘ 
Ay 
bs 
¥ 
ia 
é é 
Wik 
‘a 
» 
he 
aye 
4 
q 
k 
* a 
a 


